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Abstract 
This thesis presents the feasibility of liquid metal in reconfigurable antenna applications. Unlike 
conventional reconfigurable antennas, liquid metal possesses the ability to reconfigure an antenna 
aperture in new ways largely undiscovered. In this work, the design, analysis and measurement of 
two liquid metal reconfigurable antennas are carried out bringing together research on materials, 
microfluidics and electromagnetics. In addition, a like for like comparison of applying liquid metal 
and PIN diode in pattern reconfigurable antennas is presented. On the RF characterisation, test 
fixtures are designed, analysed and measured to evaluate liquid metal and copper up to 67 GHz, 
and PIN diode up to 6 GHz. While various liquid metal antennas exist, the current state of the art 
has mainly implemented liquid metal in point-like contacts or limited confined areas.  
On how liquid metal can be used to connect/disconnect large areas of metalisation and achieve 
radiation performance not possible by using conventional switches is demonstrated in a frequency 
bandwidth reconfigurable antenna. The antenna results in a 2 dB gain and 24% efficiency 
enhancement. The second antenna presents a frequency tunable patch antenna formed from liquid 
metal. The antenna reconfigures its resonance in a continuous manner. A measured total usable 
spectrum of 73% is achieved.  
In the like for like pattern reconfigurable antennas comparison, the liquid metal shows no effect on 
resonance whereas PIN diodes cause 27% resonance shift. The liquid metal antenna shows up to 
1.4 dB gain and 13% efficiency higher than that of the PIN diode antenna. In the RF 
characterisation, the diode shows up to 6.5 dB higher insertion loss than liquid metal. Liquid metal 
measurements up to 67 GHz show identical behaviour as of copper. 
Results conclude that liquid metal has a high feasibility in reconfigurable antenna applications and 
its RF performance is as of a typical conductor.    
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Chapter 1 
1 Introduction 
There has been a dramatically increasing requirement in recent years on wireless systems to support 
several standards simultaneously. Therefore, there are increasing demands for multiband antennas 
to back multiple standards. The use of multiple antennas is strongly undesirable because it increases 
size and cost of a system. In addition, electromagnetic interference and coupling between adjacent 
antennas may degrade the overall performance of the system. Solutions and innovations to serve 
millions of multiple standard enabled devices are continuously proposed. One major aspect of 
innovation is sharing a scarce resource that is the frequency spectrum. Recently a topic that has 
been one of the heavily studied areas of research focus and innovation, is reconfigurable antennas. 
They are distinguished because they can change their frequency, patterns and/or polarisation upon 
dynamic system requirements whereas conventional antennas have fixed operating parameters. 
Reconfigurable antennas are an enabling technology for the kind of intelligent, self-aware, self-
configuring systems which are required within future telecommunications networks as well as 
within industry.   
In general the reconfigurability is obtained by redistributing the current in the antenna aperture. 
Commonly used mechanisms include reactive loading, switching and structural modifications. 
Having reconfiguration ability should not result in undesirable changes to other parameters. The 
shape of the radiation patterns of a frequency reconfigurable antenna, for example, should mostly 
remain unchanged when the frequencies are reconfigured from one band to the other. The frequency 
and beam reconfigurability, in particular, can be classified as either continuous or coarse tuning.  
Traditionally switches and varactors have been used to reconfigure antennas. The technology in this 
area is mature, yet it suffers from limitations, including: (i) limited tuning range; (ii) discrete tuning; 
(iii) poor harmonic performance; (iv) limited RF power handling; (v) relatively high insertion loss; 
(vi) limited frequency range of operation and (vii) significant overall DC power consumption.  
A reconfiguration technique that is promising is by using fluidic systems. The recent advances in 
microfluidics have enabled the emergence of a new class of antennas, namely liquid metal antennas 
which are more conformable and reconfigurable than solid ones. The technique represents an 
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entirely new methodology and promises performance advantages including continuous tuning along 
with achieving a very high linearity. For these reasons interest in liquid metal, as a means of 
reconfiguring antennas, has been growing over the course of the last few years. In the work 
presented in this thesis, the liquid metal is injected manually using a syringe. Full bidirectional 
actuation of liquid metal, i.e. injection and withdrawal, is not the main focus of the thesis. 
1.1 Motivation 
The associated limitations with conventional reconfiguration techniques of antennas along with 
recent advances in microfluidics motivate this research. The main aspects of this can be summarised 
as (i) assessment of the feasibility of liquid metal in reconfigurable antenna applications and its 
ability to overcome conventional reconfiguration technique limitations by demonstrating different 
study cases; (ii) antenna reconfigurability in frequency bandwidth, frequency tuning and pattern 
applications using liquid metal to achieve an overall RF performance not possible by using 
conventional techniques; (iii) comparison by means of simulation and measurement of the 
performance of the liquid metal with the commonly applied technique, the PIN diode; (iv) RF 
characterisation of both liquid metal (up to 67 GHz) and PIN diode (sub-6 GHz) in like for like 
scenarios to provide fair comparison. 
1.2 Original Contributions to Knowledge 
The following are the original contributions to knowledge included in this thesis: 
 Design of a frequency bandwidth reconfigurable liquid metal antenna where liquid metal 
is used to connect/disconnect large areas of metalisation and achieve radiation performance 
not possible by using conventional switches (point-like contacts). Liquid metal is used to 
completely bridge the gaps resulted in back radiation reduction and boresight gain increase. 
 Design of a continuously tunable frequency reconfigurable patch antenna formed from 
liquid metal. The antenna is capable of reconfiguring its operating frequency in a 
continuous manner. This contribution involves designing a serpentine microfluidic channel 
enabling liquid metal manipulation to achieve not only continuous tuning but also wide 
tuning range.     
 Design of a multi-slot microfluidic channel to overcome experienced rheological behaviour 
of the liquid metal in the serpentine channel. The multi-slot microfluidic channel is 
implemented successfully to realise a continuously tunable frequency reconfigurable liquid 
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metal patch antenna. The antenna achieves continuous tuning over a wide tuning range. 
The far field radiation of the antenna remains consistent throughout the tuning frequency 
range. Such overall RF performance would not be achievable conventionally.   
 Design of like for like pattern reconfigurable antennas using PIN diodes and liquid metal 
as means of reconfiguration. Both antennas are simulated, measured and their RF 
performance are evaluated to provide a fair comparison of the two reconfiguration 
techniques in a reconfigurable antenna application.     
 Design of test fixtures to evaluate the RF performance of PIN diode, copper and liquid 
metal as being part of a transmission line. The test fixture simulation and measurement 
results of the three components are compared. The liquid metal is evaluated up to 67 GHz 
showing its advantage of being frequency independent.  
 Design of a mmWave beam reconfigurable phased array antenna. The radiating element is 
a pattern reconfigurable liquid metal planar dipole. The microfluidic structures are designed 
and ready for fabrication. The antenna preliminary simulation results are presented.  
1.3 Publications 
The research carried out during this PhD phase has resulted in the following publications: 
 K. Yahya Alqurashi, C. Crean, J. R. Kelly, T. W. C. Brown, and M. Khalily, "Liquid Metal 
Application for Continuously Tunable Frequency Reconfigurable Antenna," in 2019 13th 
European Conference on Antennas and Propagation (EuCAP), 2019, pp. 1-3. 
 K. Yahya Alqurashi et al., "Millimeter Wave Beam Steerable/Reconfigurable Liquid Metal 
Array Antenna," in 2018 IEEE-APS Topical Conference on Antennas and Propagation in 
Wireless Communications (APWC), 2018, pp. 814-815. 
 K. Yahya Alqurashi and J. R. Kelly, "Continuously Tunable Frequency Reconfigurable 
Liquid Metal Microstrip Patch Antenna," in 2017 IEEE International Symposium on 
Antennas and Propagation & USNC/URSI National Radio Science Meeting, 2017, pp. 909-
910.    
 K. Yahya Alqurashi, J. R. Kelly, Z. Wang, C. Crean, R. Mittra, M. Khalily, and Y. Gao, 
"Liquid Metal Bandwidth-Reconfigurable Antenna," IEEE Antennas and Wireless 
Propagation Letters, vol. 19, no. 1, pp. 218-222, Jan. 2020. 
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 K. Yahya Alqurashi, T. W. C. Brown and J. R. Kelly, "A Survey on Liquid Metal 
Reconfigurable Antennas," in preparation for submission to IEEE Antennas and 
Propagation Magazine. 
 K. Yahya Alqurashi, T. W. C. Brown, J. R. Kelly and C. Crean, "Continuously Tunable 
Frequency Reconfigurable Liquid Metal Multi-slot Patch Antenna," in preparation for 
submission to IEEE Transactions on Antennas and Propagation. 
 K. Yahya Alqurashi, T. W. C. Brown, J. R. Kelly and C. Crean, "On RF Assessment of 
PIN-diode and Liquid Metal in a Mono-dipole Pattern Reconfigurable Antenna 
Application," in preparation for submission to a journal. 
 K. Yahya Alqurashi, T. W. C. Brown, J. R. Kelly and C. Crean, "Liquid Metal and PIN-
diode Characterisation and RF Performance Comparison," in preparation for submission to 
a journal. 
The following work have been carried out during the course of this PhD but have not been included 
in this thesis for brevity and/or given that they have not been fabricated yet at the time of thesis 
submission. 
 K. Yahya Alqurashi, T. W. C. Brown and J. R. Kelly, "A Survey on Smart Material 
Applications in Reconfigurable Antennas," in preparation for submission to IEEE Antennas 
and Propagation Magazine. 
 K. Yahya Alqurashi, T. W. C. Brown and J. R. Kelly, "Side Lobe Level Reduction in a 
Planar Array Antenna Using Reconfigurable Liquid metal Ground Plane," in preparation 
for submission to a conference. 
 K. Yahya Alqurashi, T. W. C. Brown and J. R. Kelly, "A mmWave Continuously Tunable 
Liquid Metal Dipole Antenna Over 20 GHz Tuning Range," in preparation for submission 
to a conference.  
 K. Yahya Alqurashi, T. W. C. Brown and J. R. Kelly, "Multi-dimensional Reconfigurable 
Liquid Metal Yagi Patch Array Antenna," in preparation for submission to a conference. 
1.4 Structure of Thesis 
The rest of this thesis is structured as follows:  
Chapter 2 gives a background on antenna reconfiguration mechanisms and techniques. Commonly 
used reconfiguration techniques are discussed and associated limitations are highlighted. Then, 
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backgrounds on liquid metal alloys, microfluidics and microfluid dynamics are provided. After that, 
the liquid metal non-reconfigurable and reconfigurable antennas are reviewed. The chapter ends 
with concluding remarks. 
Chapter 3 presents an application of liquid metal to achieve frequency bandwidth reconfiguration. 
The design geometry and analysis are provided first. Then, fabrication of microfluidic structure and 
assembly are presented. Simulation and measurement results are presented and comparison with 
PIN diode as a means of reconfiguration is discussed. 
Chapter 4 presents liquid metal frequency reconfigurable patch antennas. A background and 
theoretical discussion of microstrip patch antenna are provided first. The chapter presents mainly 
two designs of frequency reconfigurable antennas that differ in their microfluidic channel layout. 
Fabrication and assembly of the antennas are highlighted. The chapter carries on with presenting 
simulation and measurement results showing how continuous tunability is achievable using liquid 
metal. Challenges and limitations are also discussed.           
Chapter 5 is mainly about evaluating liquid metal and PIN diode which is the most commonly used 
reconfiguration technique. The two techniques are implemented in a like for like design, which is a 
pattern reconfigurable mono-dipole antenna. Two versions are designed, i.e. one using diodes and 
another using liquid metal. Both diode and liquid metal versions are presented and results are 
discussed. The second part of the chapter evaluates the RF performance of PIN diode, copper and 
liquid metal when being a part of a transmission line. Similarly, fabrication and results are presented 
and discussed. The chapter is concluded with comparison of the two reconfiguration techniques.  
Chapter 6 finishes off with presenting simulation results of liquid metal implementation in the 
mmWave frequency range. A pattern reconfigurable planar liquid metal dipole element is 
implemented in a phased array. Design and simulation results are discussed. 
Chapter 7 concludes the thesis and presents ideas for future work. 
Appendix A discusses uncertainties and errors in both simulation and measurement results of the 
continuously tunable frequency reconfigurable liquid metal antennas presented in Chapter 4. 
Appendix B presents a table of the current and the Office of Communications (Ofcom) perspective 
on the future cellular mobile spectrum below 6 GHz in the UK.    
Appendix C presents a polydimethylsiloxane (PDMS) preparation procedures. Also, printed circuit 
boards (PCBs) spin coating and bonding to microfluidic structures are discussed. Required chemical 
reagents and equipment are listed. 
Appendix D provides datasheets of used components.  
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Appendix E provides additional measurement results of insertion loss and isolation of the PIN diode 
presented in Chapter 5. 
Appendix F discusses harmonic and intermodulation distortion setups and measurement results of 
the PIN diode presented in Chapter 5. 
Appendix G provides additional measurement results of insertion loss of the liquid metal within 
PDMS microfluidic channel presented in Chapter 5. Also, it discusses experienced microfluid 
dynamics and sources of uncertainties. 
Appendix H gives details and parameter settings of the simulation software used in analysing 
proposed work.   
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Chapter 2 
2 Background and Literature Review on 
Reconfigurable Liquid Metal Antennas 
Research interest in the topic of reconfigurable antennas grew significantly from the turn of the 21st 
century onwards due to their attractive RF characteristics. Reconfigurable antennas are 
distinguished from conventional antennas by the fact that they are capable of altering their: 
frequency, pattern and/or polarisation, after manufacture and in response to changes in system 
requirements whereas conventional antennas have operating parameters that are fixed at the time of 
manufacture. Reconfigurable antennas are believed to be an important enabling technology for the 
kind of intelligent, self-aware, self-configuring systems which are required within future 
telecommunication networks.  
This chapter provides at first a highlight background on reconfigurable antennas, aspect of 
reconfiguration and common conventional reconfiguration techniques. Then, backgrounds on liquid 
metals and microfluidics are presented. After that, the current state of the art of reconfigurable liquid 
metal antennas is reviewed. A sub-section about non-reconfigurable liquid metal antennas is 
included too for the sake of completion. This chapter concludes with some highlighted remarks. 
2.1 Background on Reconfigurable Antennas and Conventional 
Reconfiguration Techniques 
Basically to reconfigure an antenna, a redistribution of its surface current is to be performed. The 
current redistribution is made as such to achieve the desired new operating state. The three 
commonly reconfigured antenna parameters are frequency, pattern and polarisation. The 
mechanism to reconfigure (i.e. redistributing the current) one or more of these parameters can be 
classified mainly into three categories. These categories, as illustrated in Figure 2-1, are namely: i) 
reactive loading; ii) switches; iii) structural modification.  
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Figure 2-1: Mechanisms and conventional techniques to achieve antenna parameter reconfiguration.  
 
The frequency reconfiguration enables the antenna to operate in two or more bands depending on 
the system requirement. In this way, the need for wideband and multiple antennas are minimised. 
Moreover as such systems are generally require antennas to be compact in size, i.e. electrically 
small, their narrow instantaneous frequency bandwidth effectively enhance the gain-bandwidth RF 
performance of the overall system. In addition, such antennas require much less filtering compared 
to wideband and multiband antennas.  
The performance of a frequency reconfigurable antenna is usually defined by its tuning range (TR) 
and total useable spectrum (TS). The tuning range (TR) is given by [1]: 
 TR(%) = 2 × 
(𝑓𝑟ℎ − 𝑓𝑟𝑙)
(𝑓𝑟ℎ + 𝑓𝑟𝑙)
× 100% (2-1) 
where frh and frl are the highest and lowest resonant frequencies respectively. 
on the other hand, the total usable spectrum (TS) is given by [1]: 
 TS(%) = 2 × 
(𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛)
(𝑓𝑚𝑎𝑥 + 𝑓𝑚𝑖𝑛)
× 100% (2-2) 
where fmax and fmin respectively correspond to maximum and minimum usable frequencies defined 
at S11 ≤ -10 dB. 
The pattern reconfigurable antennas are valuable as a means of improving the system overall 
performance. The pattern reconfiguration takes generally two forms of reconfiguration. In the first 
form, the pattern shape can be modified from, for example, an omnidirectional to a directional. The 
second form of reconfiguration is where the beam of the antenna is redirected towards desired users 
for instance.  The pattern reconfigurability enables a wireless communication system to mitigate 
noisy channels, move away from electronic jamming or improve system link budget.  
In polarisation reconfigurable antennas, the polarisation of the electric field is reconfigured. The 
basic forms of polarisation are linear, circular and elliptical. The linear and circular polarisations 
Reactive Loading Switches Structural Modification
PIN-Diodes RF-MEMS
Frequency/Pattern/Polarisation Reconfigurable Antennas
Mechanism:
Techniques: Varactors Capacitors/Inductors Ferrite Mechanical Lenses
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are the most common ones in communication systems. In order to achieve maximum power between 
two terminals, both have to have their polarisation aligned, i.e. having identical polarisation. A 
polarisation reconfigurable antenna enables mitigating ground reflection effect, for example, 
between two stations, eliminating multipath fading and avoiding polarisation mismatch. 
As shown in Figure 2-1, there are mainly three mechanisms to enable antenna reconfigurability.  
Reactive loading, as its name states, changes the antenna input impedance by loading it reactively. 
The reactive component can be either fixed of a single value such as capacitors or indictors or a 
tunable component such as varactors. Varactors are basically variable capacitors that can be tuned 
by applying a DC voltage. Similarly, distributed elements, i.e. printed copper elements, could be 
used as parasitic components to reactively load the antenna and alter its state.   
Another reconfiguration mechanism is by connecting/disconnecting, for example, another piece of 
metalisation to alter the current path and hence reconfigure the desired RF parameter. Shorting the 
radiating element, for example, to the ground plane can tune the resonant frequency of the antenna 
to a lower band. This is simply achieved by implementing ON/OFF switches such as PIN-diodes 
and radio frequency microelectromechanical system (RF-MEMS).  
The third reconfiguration mechanism is by structural modifications. Ferrite substrates can be used 
to alter the antenna radiating beam by changing their permeability based on applied magnetic field. 
Changing the radiating element shape mechanically, via a rotating motor for example, would also 
alter the antenna performance. Another technique is to use lenses to redirect, for example, the 
radiation patterns to a specific desired direction.        
Various techniques have been applied to achieve frequency reconfigurability [1-6]. The most 
common reconfiguration techniques are based on using PIN diodes [7-10], RF-MEMS [11, 12], 
varactors [9, 13-25], FET transistors [26], optical switches [27, 28], and tunable materials such as 
ferrite [29, 30] and liquid crystal [31, 32]. Other reconfiguration techniques include mechanical 
movement to achieve the necessary change in antenna configuration [27, 33-41].  
Similar reconfiguration techniques have been reported for pattern reconfigurability [2, 4, 6, 42, 43]. 
PIN dioses are still the most commonly used reconfiguration technique [25, 44-54]. Other 
techniques, as in frequency reconfigurability, are applied here including optical switches [55], 
dielectric liquids [56], mechanical modifications [57-59], varactors [60, 61], FET transistors [62], 
RF-MEMS [12, 63] and tunable material [64]. Polarisation reconfigurability using PIN-diode is 
also reported [25, 65-69]. Other techniques such as tunable material [70, 71] and RF-MEMS [72] 
are implemented too. 
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The aforementioned techniques will be referred to as conventional switching and tuning techniques. 
These techniques suffer from various limitations, including: biasing problems [2], power handling 
[73], nonlinearities [74], and high actuation voltages and reliability issues [75, 76]. Conventional 
techniques require mostly DC control circuits which involve biasing lines and lumped components. 
They could have negative influence on the RF performance, lower electrical and thermal isolation 
and may increase the system complexity. Importantly, most conventional techniques are unable to 
support continuous tuning due to the on/off nature of switches. Another limitation of these solid 
state devices is the spurious undesirable frequency products produced by their inherent nonlinear 
nature [77-79]. These frequencies are presented through harmonic and intermodulation distortions.  
In addition, most of the reported conventional techniques depend on the use of elements that are 
dimensioned or separated by distances that relate to the wavelength at the operating frequency, see 
for example [48, 57]. For this reason their efficacy diminishes as one moves further away from that 
operating frequency. Such techniques are therefore unsuitable for multiband or broadband 
reconfiguration. They are also mostly incompatible with multiple parameter reconfiguration. These 
are significant limitations since these types of reconfiguration are likely to be increasingly important 
within future telecommunication systems. 
Another class of reconfiguration techniques is using fluidic systems. Dielectric fluids, for example, 
are used to tune the substrate permittivity within planar antennas [80-83]. Similarly conductive 
fluids can be used to modify the physical structure of antennas in order to reconfigure selected 
performance parameters. There are a variety of different forms to conductive fluids, including 
electrolytes and liquid metals. Liquid metals, as their name suggests, are liquid at room temperature. 
Besides being liquid, other attractive physical and chemical properties have been attracting 
researchers recently. Along with the development of microfluidics, liquid metals make paradigm 
shift in enabling flexible and reconfigurable electronic components that have been demonstrated so 
far for different applications [84-93].  
2.2 Background on Liquid Metal Alloys 
Liquid metal is a material that is both liquid at room temperature and electrically conductive at the 
same time. It consists of either a single naturally existing element or two or more elements alloyed 
together. Due to some of their attractive features, these low-melting temperature liquid metals have 
received much attention recently. They are soft and flow controllable making them of interest in 
flexible and reconfigurable electronics.  
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Common liquid metal alloys that have been reported in the literature include mercury (Hg), eutectic 
sodium potassium (NaK) and eutectic gallium alloys (Ga alloys). Although mercury is the most 
known liquid metal, but it becomes less popular because of its toxicity. The sodium potassium liquid 
metal reacts explosively with water and reacts with air to form potassium superoxide, which can 
react explosively with organic materials [94, 95]. These and other interesting features, as discussed 
here, have led to the non-toxic gallium alloys as better replacement.  
Gallium in itself has a melting temperature of 29.8 °C. Alloying gallium with other metals lower 
the melting point below room temperature [95, 96]. The gallium alloys as liquids have low viscosity 
and negligible solubility. As metals, on the other side, gallium alloys have high thermal conductivity 
and comparable electrical conductivity with copper. Two of the gallium alloys that are widely 
reported and commercially available are eutectic gallium indium (EGaIn, Ga0.858In0.142 by atomic 
fraction) and gallium indium stannum (Galinstan, Ga0.772In0.143Sn0.085 by atomic fraction). The 
EGaIn has a melting point of 15.7 °C [97]. A much lower melting point of -19 °C is reported for 
Galinstan whereas a boiling point of greater than 1300 °C is reported [98]. The effect of temperature 
on the electrical conductivity of the EGaIn is negligible whereas the Galinstan drops by less than 
9% over the temperature range from 22 °C to 87 °C [99]. Table 2-1 shows some of the physical and 
chemical properties of EGaIn and Galinstan along with water and copper as reference materials. 
Another very important feature of gallium alloys is the formation of a thin oxide layer on their 
surface when exposed to air.  This oxide layer makes gallium alloys have a non-Newtonian 
rheological properties. In other words, the gallium alloys become mouldable into non-equilibrium 
shapes forming stable structures. Gallium alloys behave as if they are elastic materials until an 
applied pressure exceeds their surface tension at which they are caused to flow. The oxide layer 
causes the gallium alloys to stick to containing structure walls which is not desirable for 
reconfigurable applications, several techniques have been demonstrated to overcome this limitation 
though. However these properties give structural stability within the containing structures at 
ambient pressure, i.e. it does not spontaneously retract from the structures, whereas mercury, for 
example, requires continuously applied pressure or it retracts [100-105].  
Although gallium was discovered a long time ago, it is the remarkable advancement in the 
microfluidics, which is mainly driven by biological and biomedical applications, that has been a 
key factor for its utilisation. Microfluidics is the technology of manufacturing devices, at sub-
millimetre scale, that enables fluids flow and confinement within chambers and channels. 
Microfluidic devices, hence, use very small fluid volumes which reduces material consumption, 
allow better manipulation and integration with other systems [106, 107]. The microfluidic 
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applications have been relatively recently exploited in electronics. It has been shown such 
implementation of microfluidics in electronics offers wide opportunities that may be impossible to 
effectively fulfil using conventional electronics [84, 87, 108]. 
 
Table 2-1: Gallium Indium Alloys Physical and Chemical Properties [97, 98, 100, 102, 105, 109, 110]. 
Property\Material EGaIn Galinstan 
Deionised 
Water 
Copper 
Form Liquid Liquid Liquid solid 
Colour Silver Silver colourless red-orange 
Melting point (°C) 15.7 -19 0 1.084 x 103 
Density (Kg/m3) at 25 °C 6.225 x 103 6.44 x 103 0.998 x 103 8.96 x 103 
Viscosity (Pa.s) at 20°C 1.99 x 10-3 2.4 x 10-3 1 x 10-3 NA 
Surface tension (N/m) 624 x 10-3 718 x 10-3 72 x 10-3 NA 
Specific electrical resistance (S/m) 3.4 x 106 3.46 x 106 <5 x 10-4 5.8 x 107 
2.3 Background on Microfluidics and Microfluid Dynamics 
Microfluidic structures can be made from different materials. Polydimethylsiloxane (PDMS, 
CH3[Si(CH3)2O]nSi(CH3)3), a polymer organosilicon compound, is the most widely used material 
to form microfluidic structures due to its unique rheological and electrical properties. PDMS is 
optically transparent, chemically inert, non-toxic and biocompatible. PDMS has low properties 
variations over temperature [111]. The PDMS has an operating temperature range of -45 °C to 200 
°C [112] but it is still thermally stable up to 300 °C [113]. Hence, structures made from PDMS hold 
its shape and form over a wide temperature range. The effect of humidity variation is negligible on 
cured PDMS. Studies show that even with attempts to hydrophilize the PDMS surface, the material 
recovers its hydrophobicity over time [114]. However on uncured PDMS, the elasticity of the cured 
PDMS could be controlled by changing the humidity level during material synthesis. For, example, 
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the effect of exposing the cross-linker component to a very high humid air (~85%) made the cured 
PDMS softer [115].    
It is mechanically flexible due to the backbone of its chemical structure being [Si(CH3)2O] [93]. 
Another important feature of PDMS is its high gas permeability. These features make PDMS 
advantageous in microfluidic device prototyping [93, 108, 116]. Furthermore it is commercially 
available and relatively easy to process. A summary of some of the properties of PDMS is listed in  
Table 2-2. 
 
Table 2-2: Polydimethylsiloxane (PDMS) Properties [117-120]. 
Property Value Property Value 
Form Liquid Dielectric constant at 100 KHz 2.68 
Colour colourless Dielectric loss tangent at 100 KHz 1.33 x 10-3 
Viscosity-mixed (Pa.s) 3.5 Dielectric strength (KV/mm) 19 
 
On the electrical properties, PDMS has a relatively low dielectric constant, and good loss tangent 
and electric insulation which make it suitable for microwave applications. However, there are wide 
discrepancies between reported dielectric propriety values of the relative permittivity (𝜀𝑟) and loss 
tangent (tan 𝛿) within the literature.  
The major manufacturer of PDMS (Dow Corning [117]) reports two values for the 184 kit: i) 𝜀𝑟 = 
2.72, tan 𝛿 = 0.00257 at 100 Hz; i) 𝜀𝑟 = 2.68, tan 𝛿 = 0.00133 at 100 kHz. Both values are at 
relatively very low frequencies. The relative permittivity is reported in [93] to be in the range from 
2.77 to 3.69 where no kit type is specified and neither frequency range nor loss tangent data are 
given. In [121], a relative permittivity and loss tangent of 2.8 and 0.02 at about 0.8 GHz to 7.9 GHz 
is reported for the 184 kit, respectively.   
The relative permittivity and loss tangent using the single-length method across a frequency range 
from 0.1 GHz to 40 GHz are reported in [122] for an alternative PDMS kit that is 182. The measured 
relative permittivity is said to be almost constant (2.77 ± 0.05) across the tested frequency range. 
The measured loss tangent, however, shows a linear rise with frequency. The paper reports an 
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average measured loss tangent value of 0.0127 at 0.5 GHz and 0.045 at 40 GHz. The measured data 
of the loss tangent is approximated by the following equation: 
 tan 𝛿 = 6.54 × 10−4 𝑓 + 0.0127 (2-3) 
where 𝑓 is the desired frequency in GHz. 
Similarly, a PDMS sample characterisation of the 184 kit is studied in [123] using the waveguide 
method and a measurement probe. The averaged measurement results show two different relative 
permittivities and loss tangents at two different frequency ranges. The waveguide method gives a 
relative permittivity of 2.65 and a loss tangent of 0.02 over the frequency range from 9.46 GHz to 
11.56 GHz. On the other hand, the measurement probe resulted in a relative permittivity of 2.76 
and a higher loss tangent that is 0.03 over the measurement frequency range from 0.2 GHz to 5 
GHz.  
Measurement of dielectric properties of 184 kit PDMS at millimetre waves is reported in [124]. The 
measurement performed over the frequency range from 72 GHz to 82 GHz using a free space quasi-
optical transmission/reflection measurement technique. The average measured result is 2.672 for 
the relative permittivity and 0.0375 for the loss tangent. Although this reported loss tangent is 
relatively high, the RF performance of a patch antenna at 60 GHz is said to be comparable with 
values obtained for conventional microwave substrates [124]. Further discussion on uncertainties 
associated with the relative permittivity and loss tangent of the PDMS is presented in Appendix A. 
In addition, the effect of these uncertainties on simulation and measurement results comparison is 
highlighted at relevant chapters when discussing results. 
Mainly the loss tangent affects the antenna efficiency and hence its gain. The amount of power 
radiated by an antenna as a fraction of the available power at the input port defines what is called 
total efficiency. It takes into account both radiation (𝜂rad) and mismatch efficiencies (𝜂mismatch) 
and can be found by [125]: 
 𝜂tot = 𝜂rad × 𝜂mismatch (2-4) 
The mismatch efficiency is determined by the level of mismatch between the feeding network and 
the antenna. It can be found by [125]:  
 𝜂mismatch = 1 − |Γ|
2 (2-5) 
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The radiation efficiency is associated with radiation, conductor, dielectric and surface wave losses. 
However the surface wave losses are less significant for thin substrates, which is the case in this 
research, and can be neglected [125, 126]. Consequently the radiation efficiency can be determined 
by [126]: 
 𝜂rad =
𝑅𝑟
𝑅𝑟 + 𝑅𝑙
 (2-6) 
where 𝑅𝑟 is the radiation resistance and 𝑅𝑙 is the loss resistance within the antenna structure itself.  
The radiation efficiency relates two important parameters characterising an antenna that are the 
directivity (𝐷) and gain (𝐺) which are related theoretically by [125]:  
 𝐺 = 𝜂rad × 𝐷 (2-7) 
If the total efficiency is considered, that is to include the mismatch factor, (2-3) becomes: 
  𝐺rlz = 𝜂tot × 𝐷 (2-8) 
where 𝐺rlz represents the realised gain.  
The realised gain is measured using the gain-transfer method which is the method most commonly 
used to measure an antenna gain [125, 127-130]. A standard gain antenna, a pyramidal horn with a 
known gain (𝐺rlz,STD), is used as a reference antenna to calibrate the measurement setup. Two sets 
of measurements are required to determine the realised gain of the antenna under test (𝐺rlz,AUT). 
The measurements are done inside an anechoic chamber. Firstly, the power received (𝑃STD) by the 
standard gain antenna into a matched port is recorded using a network vector analyser. Secondly, 
keeping the same setup but replacing the standard gain antenna by the antenna under test, the power 
received (𝑃AUT) into the matched port is also recorded. Then, rearranging the Friis transmission 
equation leads to the following equation where all variables are in dB [125]:   
 𝐺rlz,AUT = 𝐺rlz,STD + 𝑃AUT − 𝑃STD (2-9) 
In the remaining of this section, a background on the fluid dynamics is provided. Liquid filling in 
microfluidic channels is a complex process that depends on several factors. Among the most 
important factors are the channel geometry and liquid materials. The micro-dimensions channel of 
the geometry controls the flow velocity, in another word the maximum applied pressure. The liquid 
parameters, mainly viscosity, surface tension and contact angle, determine required pressure to 
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control the flow of the liquid within the microchannel. Analysis of the liquid manipulation within 
the microfluidic channel enables better understanding of the flow process, filling time and voids 
formation. The trade-off between these parameters are to be optimised according to the intended 
application [131]. 
A schematic of fluid flow within a microfluidic channel with relative notations is shown in 
Figure 2-2. The pressure drop across the liquid-gas interface can be obtained via the Young-Laplace 
equation given by [132]: 
 𝑃Laplace = 2𝜎𝑙 cos 𝜃𝑙 (
1
𝑊𝐶
+
1
𝐻𝐶
) (2-10) 
where 𝜎𝑙 is the surface tension of the liquid and 𝜃𝑙 is the contact angle. The contact angle is 
determined by the channel wall surface material and the type of fluid, in other words the wettability 
between them. A hydrophobic surface results in an obtuse angle whereas a hydrophilic surface 
results in an acute angle. Moreover the contact angle changes dynamically during liquid flow based 
on applied pressure [133].  
 
 
Figure 2-2: Schematic of physical model of microfluidic channel. 
 
In order to define the liquid flow rate within the channel, the filling status of the channel may be 
classified into three different scenarios [131, 134, 135]: (1) empty channel, ll = 0; partially filled, ll 
< lC; and fully filled, ll = lC. For the empty channel case there is no liquid inside the channel and 
hence the pressure difference between inlet and outlet is zero. That is:  
 𝑃in − 𝑃out  = 0 (2-11) 
When the channel is partially filled, the pressure difference introduced by the liquid-gas interface 
given by (2-10) exists. Hence the pressure balance equation becomes: 
lC
WC
HCll
empty channel (gas)filled channel (liquid)
θl
Pin Pout
Chapter 2: Background and Literature Review on Reconfigurable Liquid Metal 
Antennas 
 
51 
 
 𝑃in − 𝑃out − 𝑃Laplace − 𝑅𝑙𝑣𝑙 = 0 (2-12) 
where 𝑣𝑙 is the cross-sectional average flow velocity and 𝑅𝑙 is the fluidic resistance given by 
Poiseuille equation as follows:  
 𝑅𝑙 =
12𝜇𝑙𝐿𝑙
𝑊𝐶𝐻𝐶
3  (2-13) 
where 𝜇𝑙 is the dynamic viscosity of the liquid. 
Finally when the channel is fully filled, the Laplace pressure does not exist and hence (2-12) 
becomes: 
 𝑃in − 𝑃out − 𝑅𝑙𝑣𝑙 = 0 (2-14) 
In conclusion for a flow to occur, the pressure difference between the two ends of the channel should 
exceed the summation of both the surface tension of the liquid and the flow resistance. That is:  
 𝑃in − 𝑃out > 𝑃Laplace +  𝑅𝑙𝑣𝑙 (2-15) 
Before ending this section, the effect on the fluid dynamics by the thin oxide layer that is formed 
on the liquid metal surface is to be discussed further. The EGaIn has a surface tension, see Table 2-1, 
of 624 x 10-3 N/m. However, the surface tension is lowered to 435 x 10-3 N/m when the oxide layer 
is removed [100]. In the case of oxide layer non-existence, the liquid metal interface with the 
microfluidic structure is of liquid-solid nature. The liquid metal is caused to move by satisfying the 
pressure difference stated by (2-15). The pressure has to be maintained to keep the liquid metal in 
the desired location within the microfluidic structure, otherwise the liquid metal retracts as a result 
of the pressure difference.  
On the other side, when the liquid metal is exposed to air, an oxide layer is formed instantaneously 
[102]. Although the oxide layer is about 0.7 nm [136-138], it is sufficiently forms a solid-like 
surface increasing the surface tension of the liquid metal to 624 x 10-3 N/m. The interface of the 
liquid metal with the microfluidic structure becomes now of a liquid-solid-solid nature. No pressure 
is required to keep the liquid metal in a desired location within a microfluidic structure as the oxide 
layer provides the mechanical stability [100, 105]. This formed oxide layer, hence, provides a 
mechanical stability whilst still weak enough to respond to applied pressure enabling liquid metal 
to flow. In this case, (2-13) does not hold valid as the viscosity is not any more linear (non-
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Newtonian). In other words, the viscosity of the liquid metal changes as a result of applied pressure. 
That is as pressure increases the liquid metal viscosity decreases enabling liquid metal to flow.  
The fluid dynamics backgrounds provided above are used throughout relevant discussions of 
experienced behaviour of both the liquid metal and microfluidic structures in the proposed research.   
The gallium alloy is selected in this research as it has high conductivity, being liquid at room 
temperature and non-toxic. In particular, the commercially available alloy by Sigma-Aldrich under 
the name Eutectic Gallium Indium alloy (EGaIn) is used throughout this research and simply, 
otherwise stated, referred to as liquid metal.  
Similarly, the PDMS properties of being biocompatible, relatively easily to fabricate, high gas 
permeability and good RF performance are attractive to use the material in microfluidic fabrication 
involved in this research. The commercially available elastomer kit by Dow Corning under the trade 
name Sylgard 184 is used. Fabrication and bonding of PDMS microfluidic devices are discussed in 
the following section.      
2.4 PDMS Microfluidic Devices Fabrication and Bonding 
The fabrication of a microfluidic device and integrating it with a printed circuit board (PCB) would 
need basically three main fabrication processes, namely: i) master mould fabrication; ii) 
microfluidic device fabrication; iii) microfluidic device and PCB bonding. In the following 
paragraphs, these three fabrication processes are highlighted.  
Firstly, the master mould is created by rapid prototyping where features of the microfluidic device 
imprinted into the mould. The mould could be made using different manufacturing techniques and 
materials depending on features and complexity of the microfluidic device. A common master 
mould fabrication technique is by creating the mould using a silicon wafer as shown in Figure 2-3. 
A photoresist film is first spun coated on the silicon wafer. Then, a mask having the required 
microfluidic features is laid on the photoresist film. Exposing the structure to an ultraviolet light 
results in crosslinking of parts of the photoresist depending on the mask pattern. Following the 
ultraviolet light exposure step, the mask is removed and the structure is then submerged in a solvent 
to dissolve the uncrosslinked, i.e. unwanted, photoresist. Once the structure is chemically 
developed, the silicon wafer now has the required features imprinted into it and ready for the next 
process that is the fabrication of the PDMS microfluidic device. 
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Another mould creation technique is by mechanically manufacturing the mould using a milling 
machine as illustrated in Figure 2-4 (left). Starting from a block of work material, replica of 
microfluidic features could be milled on the block. Materials with high hydrophobicity and low 
friction coefficient such as Polytetrafluoroethylene (PTFE) are suitable for such application. This 
manufacturing technique is practically limited to features larger than 300 μm [139, 140].  
A more demanding features/complexity could be manufactured using laser cutting and etching as 
demonstrated in Figure 2-4 (right). Features replica could be etched on the work material down to 
a few micrometres depending on the laser nozzle used [141, 142]. Different plastic based materials 
could be used to manufacture the moulds using this technique. Material properties such as chemical 
compatibility and high temperature stability are of importance for materials selection. Poly-methyl 
methacrylate (PMMA), also known as acrylic or plexiglass, show good machinability, mechanical 
stability and chemical compatibility for moulding PDMS microfluidic devices.     
 
 
Figure 2-3: Protocol for fabrication of master mould using photolithography.  
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Figure 2-4: Illustrative schematic of master mould manufacturing using milling (left) or laser etching 
(right) techniques. 
 
The next step after mould manufacturing is to cast the microfluidic device. The protocol for 
microfluidic devices fabrication using PDMS is illustrated in Figure 2-5. The PDMS is poured on 
the master mould and then cured typically at 65 °C for 4 hours. After curing, the PDMS microfluidic 
device is peeled off the mould. In this stage the required microfluidic features are embossed into 
the cured PDMS. The bottom of the device has to be sealed by a slab of cured PDMS. The two 
PDMS parts can be bonded together either using plasma bonding or brushing the contact areas by 
uncured PDMS and then aligning the two parts together. In the case of PDMS bonding, the 
assembled microfluidic device has to be cured to activate the bonding layer.       
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Figure 2-5: Protocols for fabrication of PDMS microfluidic devices. 
 
The final process is to bond the microfluidic device to the printed circuit board as illustrated in 
Figure 2-6. Firstly, a PDMS is spun coat the PCB to create a bonding layer. Then, the microfluidic 
device and PCB are aligned together. Finally, the assembled structure is cured to activate the 
bonding at 95 °C for 2 hours. By this stage the microfluidic device is ready for testing.     
MICROFLUIDIC FEATURESSILICON WAFER PDMS
MASTER MOULD CASTING
PDMS PEELING OFF CURING
CURINGBONDING
SEALANT LAYER
MICROFLUIDIC EMBOSSED FEATURES
INLET/OUTLET
Chapter 2: Background and Literature Review on Reconfigurable Liquid Metal 
Antennas 
 
56 
 
 
Figure 2-6: Protocol of microfluidic device and PCB bonding.  
 
Throughout this research different master mould manufacturing and bonding techniques are used 
depending on better suitability for the intended application. Further discussions are included in 
relevant sections throughout the thesis. Also, further information about PDMS preparation and PCB 
bonding along with required chemical reagents and equipment are provided in Appendix C. 
2.5 Non-Reconfigurable Liquid Metal Antennas 
Combing both properties of liquid metals being liquid at room temperature and conductive along 
with good electrical performance and flexibility of PDMS, enable wide applications in stretchable, 
wearable and flexible electronics [90, 143-158]. This review here highlights some of the state of 
the art research related to non-reconfigurable liquid metal antennas for the sake of completion.   
A circular liquid patch antenna using mercury is presented in [159]. The mercury is confined in a 
circular glass cavity machined in RT/Duriod substrate. The antenna is probe fed. The measured 
resonant frequency is 8.362 GHz with 47 MHz frequency bandwidth (S11 ≤ -10 dB). The E-plane 
radiation pattern is that of a typical circular microstrip patch antenna with half power beam width 
(HPBM) of 108°. In [160], the EGaIn is blended with single-wall carbon-nanotubes (SWNTs) to 
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improve the electrical properties as well as the mechanical durability. The DC electrical 
conductivity of this blended material is shown to increase with respect to the SWNTs’ 
concentration. The conductivity is about 2 order of magnitude higher than that of pure EGaIn when 
the SWNT loading is about 5 percent by weight (wt. %). In addition the reflection coefficient goes 
down by 10 dB for 5 wt. % loads relative to the pure EGaIn while the resonant frequency is still 
about 4 GHz. The antenna shows a stable resonant frequency in repeated measurements over a 12 
months period. An inset fed liquid metal patch antenna operating at 2.4 GHz is presented in [161]. 
The inset is designed as a contactless feed [121] to avoid two practical problems associated with 
the use of probe feeding. The first problem is breaking the hermeticity of the microchannel structure 
and thus prevent a leakage of fluid. Secondly the approach avoids the need for direct contact 
between the Galinstan and the copper. This is highly desirable because gallium and its alloys react 
in a very aggressive way with most metals.   
Liquid metals are highly suitable for use within stretchable antennas due to their ability to reflow 
and thus accommodate stretching and other forms of deformation. The channel wall materials are 
also able to withstand large tensile strain as well as flexing, twisting and folding around complex 
3-D shapes such as the human body [86, 87]. A multiaxial stretchable 2.4 GHz unbalanced loop 
antenna is presented in [162]. The liquid metal is Galinstan and it flows within PDMS 
microchannels. The antenna is shown in Figure 2-7 (left). The antenna is capable of being stretched, 
folded and twisted without suffering any damage as shown in Figure 2-7 (right). Measured radiation 
pattern results show a similar radiation pattern to that of a conventional unbalanced loop antennas. 
The pattern, however, degrades slightly when the antenna is stretched by 40% along the y-axis. The 
elongation decreases the resonant frequency by 18% (1.97 GHz when stretched by 40% along x-
axis). Nevertheless the radiation efficiency remains higher than 80% at 2.4 GHz for all elongation 
cases. Similarly an ultra-wideband (UWB), flexible, planar inverted cone antenna is demonstrated 
in [163] using Galinstan within a PDMS microfluidic channel substrate. The antenna covers a 
frequency range from 3 GHz to 11 GHz (S11 ≤ -10 dB) as shown in Figure 2-8. The first resonant 
frequency is lowered when the antenna is stretched along the x-axis as the overall height of the 
antenna increases. The radiation pattern is similar to that of a conventional fat monopole antennas 
for both stretched and non-stretched antennas with great omnidirectionality in azimuth plane. The 
radiation pattern, at 5 GHz, exhibits some ripples as well as degree of asymmetry which the authors 
attribute to the feed cable. The maximum measured gain is 2.2 dBi at 2.5 GHz while the measured 
radiation efficiency, for both non-stretched and stretched cases, is greater than 70 % over the 
frequency range from 3 GHz to 10 GHz. 
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Figure 2-7: Geometry of the stretchable unbalanced loop antenna (left) and photographs showing 
stretchability of the antenna (right) [162], © [2009] IEEE.  
 
Figure 2-8: Reflection coefficient of nonstretched antenna (left) and measured results of different 
stretched cases (right) [163], © [2009] IEEE. 
 
The work in [164] presents a flexible microstrip patch antenna constructed of EGaIn and PDMS. 
Both the radiating patch and the ground plane formed from EGaIn liquid metal encased in a PDMS 
elastomer as shown in Figure 2-9 (left). The design presents a practical solution to the problem of 
implementing microfluidic channels in channels which, in cross-section, have a small aspect ratio. 
The structure of the microfluidic channels is designed to guide the EGaIn and enable it to assume 
the form of a rectangular microstrip patch antenna as seen in the close-up view shown in Figure 2-9 
(centre). The flow of the EGaIn through the channel is controlled by the applied pressure. The 
reflection coefficient of the antenna is depicted in Figure 2-9 (right) for the case where the antenna 
is flat as well as for two cases of flexing. The maximum measured values of the total efficiency and 
the radiation efficiency are 45% and 60%, respectively over the frequency range 3.36 GHz to 3.56 
GHz. These efficiency values correspond to the case where the antenna is flat. Efficiencies for the 
flexed cases are not reported.  
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Figure 2-9: Photograph of a partially filled patch antenna (left), a close-up micrograph of the EGaIn 
leading edge (centre) and measured reflection coefficient of the antenna when flat and flexed (right) 
[164], © [2012] IEEE.   
 
A soft, flexible and biocompatible coil for telemetry system is presented in [165]. The coil is formed 
from EGaIn liquid metal which flows within a PDMS microfluidic channel. Despite the relative 
low conductivity of EGaIn with respect to gold or copper, sufficient performance is achieved. 
Moreover the coil retains more than 72% of its performance when physically deformed over a 
curved surface representing a human eye. [153] proposes a wearable Galinstan liquid metal loop 
antenna for body area network (BAN) system. A flexible silicon tube of 1.5 mm diameter is used 
to realize a bracelet-like wearable antenna. The antenna is designed to resonate at 868 MHz. The 
antenna shows an almost omnidirectional radiation pattern. However, its radiation pattern is 
degraded when it is placed in close proximity to a sensor board. The loop antenna exhibits a 
maximum gain of -5 dBi when placed next to a human hand phantom. The authors attribute the low 
gain to attenuation caused by the hand phantom. A 3D printed flexible antenna realised using Fused 
Deposition Modeling (FDM) is demonstrated in [166]. The antenna, Inverted F Antenna (IFA), 
operates at 885 MHz and proposed for wearable applications. It has a maximum gain of 3.6 dBi in 
planer case which reduces to 2.2 dBi when bent with a radius of 50 mm. However the antenna shows 
no degradation, for the 50 mm radius bent case, when placed on a phantom simulating a user arm. 
In [167] a 3D array of four patch antennas, a coaxial feed network and a ground plane are all made 
of gallium liquid metal alloy and integrated together in a single structure. An exploited view of the 
array structure is shown in Figure 2-10 (left). The conducting elements are filled under vacuum 
[168]. The antenna shows a maximum measured realised gain of 4.17 dBi, see Figure 2-10 (right) 
at 6 GHz, which is about 2 dB less than conventional array due to the relatively high dissipation 
factor, tan 𝛿 = 0.047, of the 3D encasing material. 
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Figure 2-10:  Exploited view of the 3D integrated liquid metal antenna array (left) and its RF 
performance [167], © [2018] IEEE. 
 
2.6 Reconfigurable Liquid Metal Antennas 
In general, reconfigurable liquid metal antennas implement similar reconfiguration mechanisms as 
of those reconfiguration mechanisms presented in Section 2.1 for conventional techniques. These 
mechanisms can be classified mainly into three categories: i) reactive loading; ii) switches; iii) 
physical modifications. The liquid metal is used as such to alter the antenna current distribution. 
Therefore, the desired reconfiguration of either frequency, pattern, polarisation or a combination of 
them is achieved. 
The reactive loading is implemented by loading the radiating element by a slug of liquid metal to 
reconfigure the antenna input impedance. Similarly, the liquid metal is used as an ON/OFF switch 
to connect/disconnect different copper metalisation. The third mechanism, which is the physical 
modifications, is by far the most sophisticated mechanism as it actually alter the radiating element 
dimensions and/or shape. It involves moving the liquid metal in relatively larger areas. The physical 
modifications show the advantageous flexibility liquid metals provide in reconfigurable antenna 
systems that would almost not be possible to implement using conventional techniques. 
In the following subsections, a thorough literature review is provided. The subsections are divided 
into three sections representing the three main reconfiguration mechanisms.         
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2.6.1 Reactive Loading 
A frequency reconfigurable, coplanar waveguide fed annular slot antenna based on a digital 
microfluidic chip is presented in [169]. The microfluidic chip is based on controlling a mercury 
droplet using an electrowetting technique resulting in a change of loading capacitance. Accordingly 
the antenna frequency of operation changes from 11 GHz to 13 GHz. To spread the mercury droplet, 
i.e. to reconfigure the frequency, is necessary to apply an electrical potential difference of 140 V 
across the liquid metal. The need for such a high potential difference means that this technique 
could not be applied in portable devices applications where the available voltage is low.  In [170] 
frequency reconfiguration is achieved by altering the filling factor of the EGaIn within a channel 
that traverses a slot antenna orthogonally. The channel has the effect of reactively loading the slot. 
The microchannel (up left) and slot (down left) transmission line models are shown in Figure 2-11 
along with a photograph of the fabricated antenna (right). When the channel is unfilled, the antenna 
exhibits a resonant frequency of 4.6 GHz. When the channel is filled, the frequency shifts upward 
to 5.34 GHz. The channel creates, however, a transmission line mode at 3.84 GHz which 
necessitates a physical connection of the channel to the ground plane. By doing so, the channel 
creates a true short circuit rather than an RF circuit to suppress the transmission line mode. The 
speed of reconfiguration is less than 100 ms for a 500 m channel diameter using a micropump 
with flow rate of 5 ml/min.  
The work in [171] proposes liquid metal channels implemented on top of a CPW slot antenna. The 
channels have a capacitive loading effect on the slot. The frequency of the antenna is reconfigured 
by filling and empting these channels. Figure 2-12 shows a schematic (left) and photograph (right) 
of the fabricated antenna. 
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Figure 2-11: Microchannel (up left) and slot (bottom left) transmission line models, and photograph 
of fabricated slot antenna (right) [170] , © [2013] IEEE. 
 
A lower capacitive loading is noticed when the Galinstan bridge length (Lbr) is decreased, and thus 
less frequency downshift of the first resonance. On the other hand, when the distance between the 
slot edge and the Galinstan bridge is increased, the capacitive effect is also enhanced and thus a 
higher frequency shift is achieved. This is mainly due to locating the bridges closer to the centre of 
the slot antenna where electric field is maximum. Using two pairs of microfluidic channel bridges, 
four states are possible. When the outer pair is filled with Galinstan, the antenna resonates at 2.4 
GHz whereas only filling the inner pair, a 3.5 GHz resonant frequency is obtained. The slot antenna 
has a resonance at 5.8 GHz when both pairs are empty. The fourth state, when all channels are filled, 
has a resonant frequency very close to the frequency of filled outer pair. The antenna shows a similar 
radiation pattern for the lowest and highest reconfigurable frequencies, i.e. 2.4 GHz and 5.8 GHz 
respectively. The measured maximum gain at these two frequencies is 2.4 dBi and 3.55 dBi 
respectively. Finally durability of the antenna is investigated where the antenna was left for 21-day 
at room temperature and then its performance parameters were measured. Results show no 
significant differences from the initial ones. 
Same concept of using liquid metal channels as reactive loads is applied on a dual-band slot antenna 
as demonstrated in [172]. The bridges are much smaller than λg/2 which means that the slot antenna 
sees two very short open-ended transmission lines. These open-ended lines translate into two 
capacitive loads. Both bands can be controlled independently. The antenna has five microchannel 
bridges which result in a 5-bit (32 states) frequency reconfigurable antenna. The first band covers 
1.8 GHz to 3.1 GHz whereas the second band covers 3.2 GHz to 5.4 GHz. The antenna is capable 
of operating at 32 discrete possible combination within these two bands. The maximum measured 
gain is 3.4 dBi at 5.4 GHz whereas at 1.8 GHz, the lower end of the frequency range, a 1.1 dBi is 
measured. A minimum efficiency of 78% and 82% is measured for the first and second bands 
respectively. 
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Figure 2-12: Schematic of Galinstan reactively loaded slot antenna (left) and photograph of 
fabricated prototype (right) [171] , © [2015] IEEE. 
 
2.6.2 Switches 
Achieving frequency reconfiguration using a pressure responsive liquid metal switch is 
demonstrated in [173]. A dipole antenna is composed of EGaIn injected into microfluidic channels 
that have rows of posts that separate adjacent segments of the liquid metals as shown in Figure 2-13 
(left). The initial shape of the antenna is mechanically stabilized by the thin oxide skin formed on 
the surface of the EGaIn. By applying a pressure on the antenna, the liquid metal merges to fill 
distinct segments which changes antenna physical length. Therefore the antenna resonates at 
different frequency accordingly. The proposed design has three possible states as shown in 
Figure 2-13 (up right). The antenna resonates at 3.6 GHz, 2.6 GHz and 1.9 GHz as liquid metal 
merges via segments from state 1 to 3 respectively. The captured sequential micrographs of 0.3 ms 
frames are shown also in Figure 2-13 (bottom right). The antenna response is within milliseconds. 
As the process is irreversible, the antenna has limited applications such as a wireless pressure 
sensor.  
Implementation of a moving mercury liquid metal to fill interconnected reservoirs is demonstrated 
in [174] to reduce significantly the number of RF switches in a focal plane array. The array is a one 
dimensional having eight reservoirs of 2.32 mm × 2.8 mm size.   
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Figure 2-13: Representative depiction of pressure responsive liquid metal dipole antenna (left), 
photographs of three different frequency reconfiguration states (up right) and sequential 
micrographs of the merging process (bottom right). Reproduced from M. Rashed Khan, G. J. Hayes, 
J.-H. So, G. Lazzi, and M. D. Dickey, "A frequency shifting liquid metal antenna with pressure 
responsiveness," Applied Physics Letters, vol. 99, no. 1, p. 013501, 2011 with the permission of AIP 
Publishing, https://doi.org/10.1063/1.3603961. 
 
When a reservoir is filled by mercury, it acts as a patch antenna. Therefore the beam can be steered 
accordingly. The antenna operates at 30.2 GHz and has 7° HPBW over a beam scanning range of 
±30°. The array has a measured realized gain varying from 21.5 dBi to 24.8 dBi and a calculated 
efficiency of 17.8% to 38% when the first and third reservoir is filled respectively [175]. Plugs of 
EGaIn are used in [176] to adjust coupling and electrical connectivity between a central patch and 
radial parasitic arms. The central patch is a circular patch operates at 6 GHz when isolated from the 
parasitic arms. When the EGaIn plugs are in contact with all the parasitic arms, the resonant 
frequency shifts to 1 GHz. Moreover polarization reconfigurability from linear to circular is 
achieved by reconfiguring the EGaIn plugs along with a 90° phase offset between two feeding 
probes. In [177] a microstrip patch antenna incorporates channels which can be filled with liquid 
metal and used as switches to reconfigure the operating frequency of the antenna between two 
discrete values. The patch length and inset feed point are adjusted using these EGaIn liquid metal 
switches. The EGaIn is kept in three circular reservoirs located on the patch. The antenna top-view 
(left) and fluidic channel outline (centre) are shown in Figure 2-14 along with a photograph of the 
fabricated prototype (right). When the fluidic channels are empty, i.e. EGaIn resides in the 
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reservoirs, the antenna operates at 2.4 GHz. The resonance frequency shifts downward to 1.6 GHz 
as the EGaIn is pushed out of the reservoirs to introduce electrical continuity through the gaps. A 
simulated realized gain of 5.54 dBi and 4.09 dBi, and calculated radiation efficiency of 75.1% and 
60.6% are obtained for 2.4 GHz and 1.6 GHz respectively.  
 
 
Figure 2-14: Top-view of the patch antenna (left), fluidic channels layout (centre) and photograph of 
fabricated antenna (right) [177] , © [2013] IEEE. 
 
A frequency and polarization reconfigurable antenna is presented in [178]. The antenna is a single 
feed corner truncated square patch. The reconfigurability is achieved by a mercury based 
microswitches. The mercury droplets selectively connect, using electrowetting technique, solid 
metal traces to enable reconfiguration. The antenna topology (left) and frequency response (right) 
are shown in Figure 2-15. The antenna can be reconfigured between three resonances, namely 2.397 
GHz, 2.091 GHz and 1.535 GHz with a peak gain of 4.9 dBic, 3.91 dBic and 1.63 dBic, respectively. 
Moreover the antenna radiates with desired circular polarization orientation for each reconfigured 
resonance. The mercury microswitches show a measured low series resistance of 15 mΩ on a switch 
only prototype.   
 
 
Figure 2-15: Topology of the antenna (left) and frequency response (right) [178] , © [2015] IEEE.  
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This low resistance maintains antenna efficiency and increases power handling. However, long term 
behaviour and reliability to be studied as mercury and copper amalgamate.  The microstrip patch 
antenna in [179] uses Galinstan to enable varying the location of a shorting pin. In this way the 
operating frequency can be tuned between two discrete values, namely 4.8 GHz and 5.4 GHz. Other 
parameters are not reported.  
Two polarisation reconfigurable antennas are presented in [180] where liquid metal used to switch 
between linear and circular polarisations. The first antenna is a truncated corner patch antenna. The 
corner cavities are filled with liquid metal pneumatically to achieve linear polarisation. When the 
pressure is released the liquid metal retracts as it is pre-treated with Nafion/HCl to prevent oxide 
layer formation. Similarly two switches are used in the second antenna, annular slot, to reconfigure 
polarisation by controlling two discontinuities. The discontinuities are placed at 45° and 225° with 
respect to the feed point to achieve circular polarisation. Both antennas demonstrate polarisation 
reconfigurabilities but frequency shift, mismatch and circular polarisation impurity are reported. A 
double patch antenna separated by a microfluidic channel is demonstrated in [181]. A liquid metal 
droplet, immersed in 2% sodium hydroxide (NaOH), resides on top of one of the patches 
representing OFF state as shown in Figure 2-16 (top-left). When an actuation voltage is applied 
across the two patches, the liquid metal bridges the 5 mm-long gap. The simulated frequency 
response of the antenna, shown in Figure 2-16 (top-right), shows a frequency shift from 14.2 GHz 
to 15.1 GHz when the antenna is switched ON. Associated simulated radiation patterns shown in 
Figure 2-16 (bottom) indicate a similar maximum gain of around 3 dB but a difference of up to 
about 12 dB can be observed at boresight. A corners truncated patch antenna shown in [182] has 
four triangular cavities at its corners. These cavities are filled/emptied with liquid metal to act as 
switches. By doing so the antenna reconfigure its polarisation between three states: linear 
polarisation (LP), left-hand circular polarisation (LHCP) and right-hand circular polarisation 
(RHCP) at 2.45 GHz centre frequency. Using minimum amount of an elastomer, Ecoflex (ɛr = 2.3 
and tan 𝛿 = 0.027 at 2.45 GHz), to contain the liquid metals is claimed enabling the antenna to 
show a simulated efficiencies of higher than 90%. In [183] liquid metal is used to alter the electric 
field distribution within a dielectric resonator to achieve polarisation reconfigurability. The antenna 
operates for both states at the band from 2.16 GHz to 2.76 GHz as shown by simulations. The 
simulated radiation patterns for both states look similar at the boresight but the ON state has a better 
directivity.     
 
Chapter 2: Background and Literature Review on Reconfigurable Liquid Metal 
Antennas 
 
67 
 
 
Figure 2-16: Photographs of double patch antenna showing OFF and ON states (top-left), simulated 
reflection coefficient (top-right) and associated radiation patterns (bottom) [181] , © [2017] IEEE. 
 
Electrically actuated liquid metal switches are demonstrated in [184] to reconfigure polarisations 
of an antipodal dipole antenna as depicted in Figure 2-17 (top-left). To overcome the need for 
continuous applied voltage to keep actuated liquid metal in place, a notch in the microfluidic 
channel is introduced to act as a metastable lock as shown in Figure 2-17 (top-right). Although the 
operation of the switches are totally dependent on the existence of the electrolyte, measurements 
are performed to compare RF performance before and after removing the electrolyte. A 20 dB 
improvement in the reflection coefficient, shown in Figure 2-17 (bottom-left), and 0.6 dB increase 
in the gain, Figure 2-17 (bottom-right), are noted.  
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Figure 2-17: Channel structure showing one of the actuation state (top-left), cross-sectional view of 
the channel showing the notch used for metastable lock (top-right), and measured reflection 
coefficient (bottom-left) and radiation pattern (bottom-right) with and without electrolyte [184] , © 
[2018] IEEE.  
 
2.6.3 Physical Modifications 
A frequency reconfiguration is achieved in [185] by controlling external temperature of a 
rectangular mercury patch antenna. The mercury is contained in a rectangular glass capillary and 
excited using aperture coupling method. Figure 2-18 shows the effect of temperature on the resonant 
frequency and frequency response of the antenna at three different temperatures. At 0 °C the antenna 
resonates at 9.506 GHz. The resonance frequency shifts downwards to 9.396 GHz at 26 °C. In the 
same trend, the antenna resonates at 9.187 GHz when the controlled external temperature is 55 °C. 
The antenna exhibits a frequency bandwidth (S11 ≤ -10 dB) of 47 MHz, 40 MHz and 18 MHz at 0 
°C, 26 °C and 55 °C respectively. A reversibly deformable dipole antenna using EGaIn on a PDMS 
channel is implemented in [186]. The frequency reconfiguration is achieved by mechanically 
elongating the antenna. The antenna has a radiation efficiency of 90% over the tunable frequency 
range from 1.610 GHz to 1.990 GHz. The frequency tuning is accomplished my mechanically 
stretching the antenna from its original length of 54 mm to 66 mm. a stretching beyond 75 mm 
(strain of 40%) caused the antenna to tear. However, the antenna shows a unique characteristic of 
EGaIn. That is when the antenna was cut by a razor blade, the EGaIn retained its conductivity (self-
healed). Enhanced stretchability (strain up to 120%) and thus a wider tuning range is proposed by 
[85, 187].   
Chapter 2: Background and Literature Review on Reconfigurable Liquid Metal 
Antennas 
 
69 
 
 
Figure 2-18: Effect of temperature on resonant frequency (left) and reflection coefficient as 
temperature is controlled to be 0 °C, 26 °C and 55 °C (right) [185] , © [2008] IEEE. 
 
The stretchability is improved by adding another elastomer (Ecoflex), which has a different 
stiffness, to the PDMS to create a more stretchable structure. The antenna tunable range is from 
0.738 GHz to 1.53 GHz as it is stretched from its original length to 120% strain with radiation 
efficiency of greater than 95%. The antenna shows a repeatable response with only 1% resonant 
frequency error when strained to 50% over 100 times. Similarly, the antenna showed 1% error in 
its properties over 4 months of storage under room temperature condition. [188] presents a patch 
antenna formed from Galinstan liquid metal embedded within a stretchable silicon substrate as 
shown in Figure 2-19 (up left). The operating frequency of the antenna can be varied from 1.3 GHz 
to 3 GHz by mechanically stretching the antenna up to 300% strain as shown in Figure 2-19 (bottom 
left). It should be noted, however that this tuning range corresponds to an S11 of ≤ -6dB as depicted 
in Figure 2-19 (up right). The antenna suffers from limited instantaneous subbands. The measured 
maximum realized gain is around 7 dBi and maximum radiation efficiency of 80% is obtained both 
at 2.8 GHz (nonstretched case). Low total efficiencies at the lower tuning range are observed as 
shown in Figure 2-19 (bottom right). A 1.8 GHz circular Yagi-Uda array antenna having a 360° 
beam steering ability is demonstrated in [189]. Mercury is used in circular microfluidic channels to 
act as movable parasitic elements, namely a director and a reflector. A 4-dipole Alford-loop antenna 
is used as a driven element. The antenna prototype including micropump is shown in Figure 2-20 
(left). Although the antenna gives a continuous beam steering, both sidelobe ratio and front-to-back 
ratio are high as can be seen in Figure 2-20 (right). A pneumatically inflated spherical helix antenna 
made of Galinstan is presented in [190]. The antenna is designed as a 3-D electrically small antenna. 
The antenna is tuned from 0.542 GHz to 0.426 (S11 ≤ -6 dB) when its inflation height is 5 mm to 25 
mm respectively.    
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Figure 2-19: Antenna prototype (up left), a 300% stretched antenna of its original length (bottom 
left), measured reflection coefficient (up right) and measured total efficiency for some stretching steps 
(bottom right) [188] , © [2011] IEEE. 
 
The measured total efficiency is from 2% to 55% which limits the antenna practically to a less 
tuning range. In [191] a frequency reconfigurable mercury monopole antenna is demonstrated. The 
antenna is capacitively coupled to a microstrip feed line via a liquid crystal polymer (LCP) layer. 
The LCP layer is used to maximize coupling. A continuous tunable range from 1.7 GHz to 4.9 GHz 
is achieved. The measured realized gain varies from 0.5 dBi to 2.3 dBi with simulated efficiency of 
> 54%. Another continuously frequency tunable antenna is presented in [192]. The antenna is a 
quarter-wave monopole made of a 1 mm diameter Teflon tube filled with Galinstan. The frequency 
reconfigurability is achieved by adjusting Galinstan level in the tube. A wide tuning range of 2.0 
GHz to 9.5 GHz is measured. The measured gain is approximately 5 dBi over the whole tuning 
range. 
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Figure 2-20: Prototype of a continuous beam-steering liquid antenna (left) and its measured radiation 
pattern corresponding to rotations of 0°, 90° and 180° (right) [189] , © [2012] IEEE. 
 
The H-plane radiation pattern has ±3 dB variations over the tuning range and there are deep nulls 
at 9.5 GHz. Using similar idea, [193] added two more tubes to form a Yagi-Uda monopole array. 
The added tubes, Tygon instead of Teflon, can be configured as a reflector or a director according 
to their level of Galinstan. The frequency tuning range, however, of this antenna is from 1.95 GHz 
to 4.11 GHz. The antenna has a low front-to-back ratio ranges from 5 to 14 dB. Another 
configuration, consisting of six parasitic elements, is demonstrated in [194] as shown in Figure 2-21 
(left). The antenna is tuned over a frequency range from 2.4 GHz to 3.87 GHz. The maximum 
measured gain is 7.79 dBi and 7.68 dBi at 2.4 GHz and 3.87 GHz respectively. The front-to-back 
ratio is 13 dB and 10 dB for lower and upper frequency resonances respectively. The E-plane 
radiation pattern at 3.87 GHz when three, four and five elements are configured as directors are 
shown in Figure 2-21 (right) for both endfire directions. A frequency reconfigurable slot antenna 
using continuous electrowetting technique is demonstrated in [195]. Galinstan is used to vary the 
electrical length of the slot and the feed line [196]. The liquid metal is moved by an electrolytic 
carrier (1% NaOH) due to an applied voltage. The antenna outline is shown in Figure 2-22 (top-
left). The slot length is 60 mm with 9 mm overlaid Galinstan channels on both sides of the slot. The 
fluidic channels are made of serially interconnected circular chambers with a centre-to-centre 
spacing of 3 mm. A 4 V DC signal actuates the liquid to move from one chamber to another and, 
hence changing the slot length. The measured reflection coefficient for seven different resonant 
frequencies is shown in Figure 2-22 (top-right). The antenna is tunable from 2.52 GHz to 2.88 GHz. 
The maximum gain is 2 dBi to 4 dBi for the empty and fully filled channels respectively. Although 
the gain is low and tunability is in discrete steps, the antenna demonstrates a fully reversible and 
repeatable reconfiguration. Integrating the DC biasing circuit for the same antenna, shown in 
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Figure 2-22 (bottom-left), is demonstrated in [197] to enhance antenna mechanical robustness. Also 
PDMS is used to create the microfluidic structure instead of the multiple dielectric layers used 
initially which improves the antenna performance from losses point of view. The antenna is tuned 
from 2.78 GHz to 3.63 GHz as can be seen in Figure 2-22 (bottom-right). These results are 
aggregated from two measured antennas due to unreported fabrication difficulties. The antenna 
tuning range is improved over the initial design but a strong resonance is noticed at about 2.7 GHz 
when fully actuated which might practically limit the antenna tuning range to about 3.4 GHz. Also 
an 8 volts peak-to-peak square wave signal superimposed on 3 volts DC signal is used in here to 
actuate the liquid metal which increases the power consumption of the antenna.    
 
 
Figure 2-21: Layout and photo of five elements Yagi-Uda antenna (left) and E-plane radiation 
pattern at 3.87 GHz (right) [194] , © [2013] IEEE. 
 
In [198] an air pressure is used to inject and withdraw Galinstan liquid metal into a 3 mm wide 
tunnel-shaped channel. At one end of the channel, a copper stub is connected to a 50 Ω coplanar 
waveguide (CPW) feed line to form a monopole antenna. The copper stub resonates at 4.92 GHz. 
The resonant frequency shifts downward to 1.12 GHz when the channel is filled with Galinstan to 
elongate the copper stub. The process is reversible and repeatable, however, a minute shift in the 
resonant frequency is observed after withdrawing the liquid metal. An injection speed of 7 mm/s is 
reported. Instead of air pressure, [199] introduces an electrochemical technique to control EGaIn 
amount in a channel. The introduced technique is called electrochemically controlled capillarity 
which in contrast to continuous electrowetting enables enormous changes in surface tension of the 
EGaIn liquid metal. 
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Figure 2-22: Outline of tunable slot antenna (top-left), its measured frequency response for different 
liquid metal actuations (top-right) [195], and integrated DC biasing circuit improved design (bottom-
left) and its frequency response (bottom-right) [197], © [2016] IEEE. 
 
A photograph of the antenna is shown in Figure 2-23 (left). By applying just a -0.7 V, EGaIn is 
withdrawn from a glass capillary (0.7 mm inner diameter) at 3.6 mm/s. On the other side, it requires 
applying +7.7 V to inject the EGaIn from a reservoir into the same capillary at a much slower speed 
of 0.6 mm/s due to oxidation layer. The antenna is tuned from to 0.66 GHz to 3.4 GHz in a 
continuous manner according to lengths of the EGaIn as shown in Figure 2-23 (right). The measured 
realized gain is 1.08 dBi and 3.4 dBi and total efficiency is 41% and 70% at 0.66 GHz and 3.4 GHz 
respectively. The reported efficiency is much lower than a conventional copper monopole (> 95%) 
which is mainly attributed by the authors to the use of lossy electrolyte (NaOH). Using a lower 
conductive electrolyte is a trade-off between efficiency, required DC current and reconfiguration 
speed. 
The work presented in [200] uses air-bubble to actuate Galinstan instead of electrowetting technique 
presented in [195]. The tuning range in eight discrete steps is from 1.42 GHz to 1.84 GHz. The 
antenna shows a better tunability bandwidth of about 26% compared to 19% in [195]. Moreover the 
maximum gain ranges from 4.1 dBi to 4.8 dBi compared to 2 dBi to 4 dBi in the electrowetting 
case. However, the reconfiguration speed is 1 s with a manual pneumatic actuation via a syringe. 
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Figure 2-23: Photograph of electrochemically controlled monopole antenna (left) and reflection 
coefficient of different EGaIn lengths (right). Reproduced from M. Wang, C. Trlica, M. R. Khan, M. 
D. Dickey, and J. J. Adams, "A reconfigurable liquid metal antenna driven by electrochemically 
controlled capillarity," Journal of Applied Physics, vol. 117, no. 19, p. 194901, May 21 2015 with the 
permission of AIP Publishing, https://doi.org/10.1063/1.4919605. 
 
A mechanically tunable serpentine antenna is demonstrated in [201]. The antenna tunes its resonant 
frequency from 1.75 GHz to 1.25 GHz as it is stretched by 100%. Application of Galinstan liquid 
metal in a mobile phone is demonstrated in [202]. The antenna is based on a planar inverted F 
antenna (PIFA) where the upper arm is made of a Teflon tube with an inner diameter of 1 mm as 
shown in Figure 2-24 (left). The antenna compensates the effect of a human hand by automatically 
adjusting the liquid level as demonstrated using an experimental setup shown in Figure 2-24 
(centre). The frequency response as Galinstan moves in the Teflon tube is depicted in Figure 2-24 
(right). A  frequency tunable microstrip patch antenna is presented in [203]. A U-shaped slot is 
incorporated within the ground plane. By partially filling the slot with Galinstan, it is possible to 
alter the length of the current path and thus vary the operating frequency. The antenna achieved a 
discrete tuning range from 1.85 GHz to 2.07 GHz corresponding to a tuning range bandwidth of 
11.22%. The maximum antenna gain is 4.1 dBi at 2.03 GHz and the lowest is 2.1 dBi at 1.96 GHz. 
 
 
Figure 2-24: Photograph of fabricated PIFA (left), setup for automatic tuning experiment (centre) 
and measured frequency response (right) [202]. 
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A beam reconfigurable antenna by stretching or reshaping of a flexible structure is presented in 
[204]. The antenna is made of periodic dipole channels filled with liquid metal as shown in 
Figure 2-25 (left). The broadside beam can be split to two beams up to ±58° when concaved at an 
operating frequency of 12.5 GHz. There is a drop of about 5 dB in the gain, compared to flat 
structure, when the antenna is concaved as can be seen in Figure 2-25 (right).   
 
 
Figure 2-25: A flexible periodic surface in concave state (left) and resulted radiation pattern (right) 
[204] , © [2017] IEEE.  
 
A wideband frequency tunable liquid metal monopole antenna is demonstrated in [205]. The 
microfluidic channel is lied over a microstrip feed line. An intermediate layer of liquid crystal 
polymer is used to maximize coupling. The antenna is shown in Figure 2-26 (up). A continuously 
moving mercury within the channel determines the resonant frequency. The antenna has a wide 
tuning bandwidth of 120.12% for the frequency range from 1.29 GHz to 5.17 GHz.  Figure 2-26 
shows snapshots of different frequency configurations (bottom left) and their frequency response 
(bottom right).   
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Figure 2-26: Structure of mercury liquid metal monopole (up), snapshots of some reconfigured 
frequencies (bottom left) and measured reflection coefficient (bottom right) [205] , © [2016] IEEE. 
 
The measured realized gain varies from 1.4 dBi to 2.5 dBi with radiation efficiency variation from 
84% to 87% over the whole frequency tuning range. The reconfiguration speed using a micropump 
is measured to be 16 s. A sinusoidal log periodic antenna embedded in a composite substrate is 
presented in [206]. The antenna microfluidic channels are embedded in the centre of a 1 mm-thick 
Arlon composite with a diameter of 100 μm. The frequency reconfiguration is achieved by altering 
the amount of liquid metal within the channels. The simulated frequency response of the antenna 
shows eight multiple resonances over the bandwidth from 10 MHz to 3 GHz, no measurement 
verifications have been reported though. In Figure 2-27 (top) a 3D printed helical antenna is 
proposed [207]. By changing the number of liquid metal filled turns, the gain of the antenna is 
reconfigured. Measurements show a gain increase by 4 dB at 5 GHz resonance when the number of 
filled turns is increased from 2 to 4 as shown in Figure 2-27 (bottom-right). The measured antenna 
frequency response, see Figure 2-27 (bottom-left) shows about 300 MHz downwards frequency 
shift at two-filled turns case and several resonances below 3.5 GHz for both reconfiguration states. 
These unwanted resonances are attributed by the authors to the channel inlet and feedline.       
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Figure 2-27: Geometry and photograph of the 3D printed helical antenna (top), and reflection 
coefficient and gain results (bottom) [207] , © [2016] IEEE.  
 
A directivity reconfigurable two-arm spiral antenna is presented in [208]. The EGaIn is 
encapsulated in spiral channels of a highly stretchable elastomer (Ecoflex). The shape of the antenna 
changes from flat to dome-like by inflating the elastomer using microblowers. As a result of 
changing the antenna volume, the directivity is enhanced in the inflation direction. The directivity, 
for example, improved by about 3 dB from the flat to inflated antenna with a dome height of 21.8 
mm at 9.5 GHz. The efficiency varies between 40% (flat) to 72% (21.8 mm dome height) at different 
frequencies. The antenna has a single wide frequency band from 6.9 GHz to 13.8 GHz. A 
pneumatically controlled frequency reconfigurable meander antenna is proposed in [209]. A 
microfluidic channel is introduced underneath the meander antenna forming a reconfigurable 
ground plane. Hence the resonant frequency can be controlled by modifying the ground plane 
dimensions. Although the channel design is relatively simple, the authors reported challenges in 
applying the proposed design as liquid metal sticks to the channel walls. Hence two cases are 
reported, when the channel is empty and when fully fulfilled. In these two cases the antenna 
resonance shifts from 930 MHz when the channel is fully filled to 1240 MHz when empty. The 
measurement show a degraded reflection coefficient at the empty case and introduced undesirable 
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multi-resonances at the fully filled case. A frequency tunable UWB monopole antenna is reported 
in [210]. The main part of the antenna is made of copper and CPW fed. Four parallel meander 
channels are placed at the far end of the radiating element. The distance between the radiating 
element and the liquid metal can be controlled by filling different liquid metal volumes and hence 
changing the operating frequency. Simulated frequency response shows one single band from 2.6 
GHz to 5.8 GHz when one channel is filled. The frequency shifts upwards as more channels being 
filled to give 6.5 GHz to 8 GHz when all the four channels are filled. However the antenna has 
multi-bands in the intermediate states. In [211] a crossed dipole antenna is demonstrated to have 
both frequency and polarization reconfigurability. The EGaIn liquid metal is used to control the 
lengths of the dipole arms and hence resulting in two independent resonances from 0.8 GHz to 3 
GHz. The antenna is shown in Figure 2-28 (left). The measured frequency response of the crossed 
dipole while one dipole arm length is kept constant and the other is varied as shown in Figure 2-28 
(right) for three different lengths. The EGaIn is moved using electrochemical actuation technique 
by applying DC voltages to each arm which allows independent control of each individual arm. The 
simulated gain is 0.3 dBi and 1.7 dBi at 1 GHz and 2.5 GHz respectively. Moreover the antenna 
can be reconfigured from linear to circular polarization by tuning both dipole to have close 
resonances. The tuning speed is as discussed in reviewing [199] above. A stretchable folded dipole 
using a styrene ethylene butylene styrene (SEBS) elastomer rather than PDMS is demonstrated in 
[212]. SEBS has some mechanical properties that enable more isolation of the EGaIn liquid metal 
from oxygen and humidity and hence a less oxidation of the EGaIn. The antenna shows a tuning 
range from about 5.5 GHz to 3.5 GHz when unstretched to 140% elongation. The maximum 
measured gain is 0.7 dB at 5.5 GHz (unstretched case).  
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Figure 2-28: Crossed dipole EGaIn frequency and polarization reconfigurable antenna (left) and 
frequency response of three different scenarios (right) [211] , © [2017] IEEE.  
 
An electrically actuated liquid metal dipole antenna demonstrates polarisations and null directions 
reconfiguration in five discrete states [213] is shown in Figure 2-29 (top-left). The antenna uses 
sodium hydroxide (NaOH) is an electrolyte carrier. As the NaOH is not considered in the 
simulation, measured reflection coefficient has some disagreement with measurements as can be 
seen in Figure 2-29 (top-right). The radiation patterns of 0°, 45° and 90° configurations are shown 
in Figure 2-29 (bottom). The measured gains (solid line) are lower than simulated gains (dashed 
line) where it is attributed by the authors as a result of liquid metal oxidisation and corroding the 
RF connector. Moreover the radiation pattern nulls at ±45° and ±90° deviate by about 20° from 
those of a typical dipole due to the dipole arms being asymmetry at these configurations.  
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Figure 2-29: The antenna possible configurations indicated by colours (top-left), frequency response 
(top-right) and radiation pattern of 0°, 45° and 90° configurations (bottom from left to right 
respectively) [213] , © [2018] IEEE. 
 
In [214] liquid metal is used as reflectors to reconfigure the beam of a cone antenna. The antenna, 
shown in Figure 2-30 (left), has a metal cone surrounded by eight polymethylmethacrylate (PMMA) 
tubes. By filling/emptying the tubes, beam steering can be achieved for twenty one discrete 
directions at four different beam widths as depicted in Figure 2-30 (right). The antenna has 
maximum measured gain of 6.7 dB but clearly suffers from high backlobe levels ranging from about 
4 dB to 7 dB in its best. 
 
 
Figure 2-30: Photograph of the cone antenna (left) and radiation patterns for the four different beam 
width sates (right) [214] , © [2018] IEEE. 
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 A reconfigurable patch antenna with three slots is presented in [215]. Liquid metal is enclosed in a 
3D printed structure placed on top of the patch slots. By varying the liquid metal lengths/locations 
within the three slots, a frequency tuning bandwidth of 70% is simulated. A second design of an E-
shape patch is presented too to demonstrate polarisation reconfigurability. The antenna, shown in 
Figure 2-31 (left), has a pair of asymmetrical slots where by changing their lengths a circular 
polarisation is achieved. In order to generate a linear polarisation an extended copper strip is 
introduced next to the patch. The slot length between the main patch and the extended strip is 
controlled by liquid metal. Optimising the lengths of the three slots allow for phase difference 
compensation of the circular orthogonal modes generating a linear polarisation as shown by 
simulated current vector plots in  Figure 2-31 (right). No measurements are provided for both 
designs. A liquid metal antenna integrated in a 4G MIMO handset antenna is proposed in [216]. 
The antenna consists of a PIFA element where part of the structure is a microfluidic channel. By 
changing the length of the liquid metal strip of the PIFA antenna, the antenna low frequency band 
can be tuned from 762.5 MHz to 947.5 MHz resulting in about 20MHz tuning bandwidth. In [217] 
a beamwidth reconfigurable impulse radiating antenna is demonstrated. The solid reflector is 
replaced by a wired-reflector utilising liquid metal as shown in Figure 2-32 (top-left). As the liquid 
metal volume can be changed, the reflector could be extended, see Figure 2-32 (top-right), in the 
H-plane to control the beamwidth. Normalised simulated and measured radiation patterns at 1 GHz 
and 4 GHz are shown in Figure 2-32 (bottom). The 3 dB beamwidth tuning ranges from 50.8° to 
2.7° at 1 GHz and 5 GHz respectively.        
 
 
Figure 2-31: Proposed E-shape modified patch antenna (left) and current vector plots at different 
phases for linear polarisation [215] , © [2018] IEEE. 
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Figure 2-32: Photos of the original antenna (top-left) and the extended version (top-right), and 
associated radiation pattern at 1 GHz and 4 GHz for the E-plane (bottom-left) and H-plane (bottom-
right) [217] , © [2019] IEEE. 
2.7 Concluding Remarks 
The chapter started with a background on reconfigurable antennas and conventional reconfiguration 
techniques. Table 2-3 provides a comprehensive summary of frequency reconfigurable antennas for 
several techniques including the most commonly applied ones which are PIN-diodes and varactors. 
Similarly, continuously tunable antennas are summarised in Table 2-4 for ease of comparison.  
Limitations of conventional techniques are also discussed. These limitations are mainly: i) discrete 
tuning; ii) nonlinearity; iii) low power handling; iv) high DC power consumption; v) undesirable 
effect on input impedance and/or realised gain. Then, liquid metal and microfluidics are introduced 
as a candidate to explore to overcome conventional technique limitations. These backgrounds then 
followed by a literature review of the state of the art of non-reconfigurable and reconfigurable liquid 
metal antennas. The following paragraphs summarises the reviewed materials.    
The oxide layer that forms on the outer surface of the liquid metal can be looked at differently 
depending on the intended applications. The oxide layer can be looked at as a limiting factor as it 
causes the liquid metal to stick to channel walls. This sticking behaviour adds challenges to 
reconfigurable/reversible applications. However several channel surface treatments and/or liquid 
metal pre-treatments have been proposed to effectively overcome the oxide layer. On the other 
hand, it can be looked at the oxide layer as an opportunity to be utilised. The oxide layer provides 
mechanical stability between the liquid metal and the containing channel. Also creates an artificial   
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Table 2-3: Comprehensive summary of some reviewed frequency reconfigurable antennas. 
Reference 
Antenna 
Type 
Tuning 
Technique 
Frequency 
Range (GHz) 
Tuning 
Range 
(%) 
Realized 
Gain (dBi) 
Total 
Efficiency 
(%) 
[172] Slot 
Liquid Metal 
1.8 – 3.1 53.06a 1.1 – 2 ≥ 78c 
[172] Slot 3.2 – 5.4 51.16a 2.8 – 3.4 ≥ 82c 
[177] Patch 1.59 & 2.41 41b 
4.09 & 
5.54 
60.6 & 75.1c 
[179] Patch 4.8 & 5.4 11.76 b -d -d 
[188] Patch 1.32 – 2.84 73.08a ≈ 6 - 8 ≤ 80 
[191] Monopole 1.7 – 4.9 96.97a 0.5 – 2.3 > 54c 
[192] Monopole 2.0 – 9.5 130.43a 5.1 - 5.26e -d 
[195] Slot 2.52 – 2.88 13.33 2 - 4e -d 
[199] Monopole 0.66 – 3.4 134.97 1.08 – 3.4 41 - 70 
[200] Slot 1.42 – 1.84 25.77 4.1 – 4.8e -d 
[203] Patch 1.85 – 2.07 11.22a 2.1 – 4.1e -d 
[205] Monopole 1.29 – 5.17 120.12a 1.4 – 2.5 84 – 87c 
[11] Patch 
MEMS 
Capacitor 
15.75 – 16.05 1.9a -d -d 
[7] Patch 
PIN Diode 
0.837 – 1.175 31.5 b -d 39.8 – 58.5c 
[9] Patch 0.9 – 1.55 53.06 b -10 – 3i 5 – 40c 
[8] Patch 1.98 – 3.59 57.81 b 0.2 – 4.8e -d 
[10] Patch 0.8 – 3.0 115.79 b -7.2 – 2.5 40c 
[27] Patch 
Optical 
3.4 – 4.85 35.1 b -d -d 
[28] Slot 2.08 – 2.85 31.24a -d -d 
[31] Patch Liquid Crystal 5.45 – 5.84 7a 0.7 – 1.1 21 – 28c 
[80] Dipole 
Dielectric Fluid 
(Ethyl acetate) 
0.9 – 1.44 46.15a -d 69 – 92c 
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Reference 
Antenna 
Type 
Tuning 
Technique 
Frequency 
Range (GHz) 
Tuning 
Range 
(%) 
Realized 
Gain (dBi) 
Total 
Efficiency 
(%) 
[27] Patch 
Mechanical 
5.3 – 9.15 53.29 b -d -d 
[37] Patch 4.76 – 5.5 14.6a 5 ≥ 80 
[38] Monopole 1.7 – 3.5 69.23a 2.3 3.3 d – 92.4c 
[39] 
Meandered 
Dipole 
0.88 – 1.39 44.93a 1 – 1.8 75.3 – 82.2c 
[40] Patch 4 – 6.65 49.76 b -d -d 
[29] Patch 
Ferrite 
0.2 – 1.0 133.33a -d -d 
[30] Patch 2.8 – 4.6 48.65a -d -d 
[26] Slot FET 9.22 – 10.22 10.29a -d -d 
[13] Patch 
Varactor 
1.859 – 
3.672 
6.56a -1 – 6.5e 28.2 – 96.5c 
[14] Patch 0.65 - .95 37.5a -2.2 – 4.5e 21 - 72 
[15] Patch 1.41 – 1.84 26.46a 7.24 -7.93 ≥ 80 
[16] Patch 1.5 – 2.4 46.15a -d -d 
[17] Patch 2.68 – 3.51 26.82a 4 – 8 40 -82c 
[18] Patch 4.54 – 5.69 22.48a -d -d 
[19] Slot 2.14 – 3.33 43.51a 1.1 – 2.42 68.7 – 88.1 
[20] Patch 2.6 – 5.0 63.16a -6 – 5e -d 
[21] Patch 0.7 – 1.3 60a -d -d 
[22] Slot 1.0 – 1.9 62.07a -2 – 5e 18 – 76 
[23] Slot 
Varactor & 
Diode 
0.42 – 1.48 111.58a -0.4e -d 
a Continuous 
b Discrete 
c Efficiency type is not specified 
d Not reported 
e Gain 
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Table 2-4: Comparison of continuous frequency reconfigurable antennas. 
Reference 
Antenna 
Type 
Tuning 
Technique 
Frequency 
Range (GHz) 
Tuning 
Range 
(%) 
Realized 
Gain (dBi) 
Total 
Efficiency 
(%) 
[188] Patch 
Liquid Metal 
1.32 – 2.84 73.08 ≈ 6 - 8 ≤ 80 
[191] Monopole 1.7 – 4.9 96.97 0.5 – 2.3 > 54b 
[192] Monopole 2.0 – 9.5 130.43 5.1 - 5.26c -a 
[199] Monopole 0.66 – 3.4 134.97 1.08 – 3.4 41 - 70 
[205] Monopole 1.29 – 5.17 120.12 1.4 – 2.5 84 – 87b 
[37] Patch 
Mechanical 
4.76 – 5.5 14.6 5 ≥ 80 
[38] Monopole 1.7 – 3.5 69.23 2.3 3.3 d – 92.4b 
[39] 
Meandered 
Dipole 
0.88 – 1.39 44.93 1 – 1.8 75.3 – 82.2b 
[29] Patch 
Ferrite 
0.2 – 1.0 133.33 -a -a 
[30] Patch 2.8 – 4.6 48.65 -a -a 
[26] Slot FET 9.22 – 10.22 10.29 -a -a 
[13] Patch 
Varactor 
1.859 – 3.672 6.56 -1 – 6.5c 28.2 – 96.5b 
[14] Patch 0.65 - .95 37.5 -2.2 – 4.5c 21 - 72 
[15] Patch 1.41 – 1.84 26.46 7.24 -7.93 ≥ 80 
[16] Patch 1.5 – 2.4 46.15 -a -a 
[17] Patch 2.68 – 3.51 26.82 4 – 8 40 -82b 
[18] Patch 4.54 – 5.69 22.48 -a -a 
[19] Slot 2.14 – 3.33 43.51 1.1 – 2.42 68.7 – 88.1 
[20] Patch 2.6 – 5.0 63.16 -6 – 5c -a 
[21] Patch 0.7 – 1.3 60 -a -a 
[22] Slot 1.0 – 1.9 62.07 -2 – 5c 18 - 76 
[23] Slot 
Varactor & 
Diode 
0.42 – 1.48 111.58 -0.4c -a 
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Reference 
Antenna 
Type 
Tuning 
Technique 
Frequency 
Range (GHz) 
Tuning 
Range 
(%) 
Realized 
Gain (dBi) 
Total 
Efficiency 
(%) 
[11] Patch 
MEMS 
Capacitor 
15.75 – 16.05 1.9 -a -a 
[28] Slot Optical 2.08 – 2.85 31.24 -a -a 
[31] Patch Liquid Crystal 5.45 – 5.84 7 0.7 – 1.1 21 – 28b 
[80] Dipole 
Dielectric Fluid 
(Ethyl acetate) 
0.9 – 1.44 46.15 -a 69 – 92b 
a Not reported 
b Efficiency type is not specified 
c  Gain 
barrier preventing liquid metal droplets, for example, from merging together so their movements 
can be controlled. An interesting advantage of the oxide layer is the possibility of using it to fine-
tune the interfacial tension of the liquid metal by applying a low voltage to induce liquid flow. 
A major drawback of reconfigurable liquid metal based components, is a relatively low 
reconfiguration speed compared to conventional methods. As has been discussed in the reviewed 
literature, the reconfiguration speed could range from few to tens of millimeters per milliseconds 
depending on the microfluidic channel dimensions, actuation method and if carrier liquid is 
required. Table 2-5 gives some examples of reconfiguration speed using different actuation 
methods. These values are much less than semiconductor switches. Typically, a PIN diode or 
transistor has a switching time in the ranges of nanoseconds [218]. In comparison, RF-MEMS has 
typically a slower switching time of tens of microseconds when compared with semiconductors 
[219]. Although a much faster switching RF-MEMS has been reported, ≤ 2 μs [220] as an example, 
the overall switching time would be a function of the overall system and its specific application 
[221]. Based on that, specifying switching time requirements of reconfigurable antennas would be 
hardly defined. According to [222], current commercial mobile networks (4G) has an overall 
switching time of around 10 μs whereas the 5G networks require 1 μs to 2 μs. Considering the liquid 
metal, it is clearly this technology is much slower than semiconductors and RF-MEMS. However, 
in [170] it is stated that switching time of less than 100 ms is sufficiently fast enough for many 
applications. Liquid metals, considering current state-of-the-art actuation methods, are more 
suitable for pre-configured/semi-dynamic scenarios.  
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Table 2-5: Examples of speed of reconfiguration for liquid metal using different actuation methods. 
Actuation Method 
Channel Cross-sectional Area 
(mm2) 
Reconfiguration Speed 
(mm/s) 
Reference 
Manual 3.532 7 [198] 
 2.220 3.7 [200] 
Micropump 0.196 170 [170] 
 0.196 0.73 [223] 
Electrical 0.385 3.6 [199] 
 0.2 3.5 [224] 
 0.636 300 [225] 
 2.220 6.4 [195] 
 
Liquid metal manipulation reported in the literature mostly based on pressure driven techniques. 
Manual injection using syringes is usually demonstrated. This technique might be effective to prove 
concepts but micropumps are required practically for commercial implementation. Commercially 
available micropumps range in size depending generally on required flow rate and bi-directional 
capability. For example, the unidirectional mp5 micropump with maximum flow rate of 5 ml/min 
is just 14 mm x 14 mm x 3.5 mm (L x W x H) where the bidirectional model, mp6, is about twice 
as long as the mp5, i.e. 30 mm x 15 mm x 3.8 mm (L x W x H) [226]. Increasing the flow rate to 
more than ten times, 72 ml/min, as of mzr-4622 micropump increases the size to 16 mm x 88 mm 
(Diameter x L) [227]. Although these micrpumps are available in compact miniaturised packages, 
they add to the system overall size and weight. Other actuation techniques based on biasing 
electrical signals have been demonstrated such as electrowetting on dielectric (EWOD), 
electrochemical oxide deposition and continuous electrowetting (CEW). These techniques give a 
higher reconfiguration speed but losses and linearity issues at high RF powers to be considered due 
to electrolytes properties.  
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The RF power handling of semiconductors and RF-MEMS are generally low to moderate. RF-
MEMS is generally known for their relatively low power handling capability. A typical reliable 
range of power that RF-MEMS would handle is not more than 200 μW to 500 μW [75, 228]. 
However, in the past few years, power handling of RF-MEMS has been improved. RF power 
handling of up to 3 W has been reported [229-231]. FET transistors tend to have better power 
handling capability [75]. A 2 W capability is nominal for FET transistors [232]. A stacked FET 
switch could handle RF power up to 4 W (36 dBm) [233] whilst up to 10 W (40 dBm) could be 
handled in a FET switch connected in a shunt layout [234].  Different switching topologies could 
be used to increase RF power handling of semiconductors and RF-MEMS but this would increase 
the antenna size/cost and biasing complexity [229-232, 235]. Liquid metal, on the other hand, could 
handle much higher RF power as it is perfect-like conductor. The power in liquid metal antennas is 
mainly limited by other components such as the dielectric breakdown of the substrates [236].  For 
mm-wave, antennas at the user end are required to be able to handle RF power up to 25 dBm (0.3 
W) [222]. On the base station side, RF power handling capability up to 80 dBm (100 kW) is usually 
required [222]. For the GSM, 34.5 dBm is the peak output power at the handset [237].   
Another RF performance parameter is the linearity of a switch. In order not to degrade the receiver 
sensitivity, typically < -90 dBm harmonics are required in mobile devices [238]. In a 43 dBm (20 
W) transceiver base station, at least -97 dBm intermodulation distortion is typically required for an 
antenna system [239]. These figures limit antennas that are using nonlinear semiconductor 
components, such as diodes and varactors, to transmit scenarios. FET transistors have different 
linearity performance based on their materials and fabrication technologies. In [240], InAs and HET 
FET transistor show 4 – 5 dB better 1dB compression point compared to a Si FET transistor. A 47 
dBm third intercept point is reported in [241] using GaAs FET transistor developed for IEEE 
802.11a/b/g applications. In [242], a developed FET transistor for dual-band Global System for 
Mobile Communications (GSM) switch diplexer is presented. The proposed FET switch shows in 
the GSM band a measured 40 dBc third harmonics at 34 dBm output power. A 37.5 dBc third 
harmonics is measured in the DCS band at 32 dBm RF output power. Additional supressing circuits 
were needed to satisfy the 70 dBc GCM handset requirement.  RF-MEMS shows better linearity 
performance than semiconductor switches, more specifically PIN diodes and FET transistors by 
more than 30 - 50 dB [75, 243]. In [230], a third harmonic of more than 70 dB lower than the RF 
input power of the fundamental tone (38 dBm) is theoretically expected for a proposed RF-MEMS 
switches. For the same analysed RF-MEMS switches, a third intermodulation product with 87 dB 
value lower than the input power of the fundamental tone would be anticipated.    The third 
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intermodulation product of an RF-MEMS switch increases from 40 dBm to 80 dBm as the tone 
separation is reduced at 24 GHz [244]. However, as the input power increases more than 20 dBm 
the distortion becomes significant. Moreover, self-biasing is observed for RF input power of more 
than 26 dBm [244]. The third intermodulation product of an RF-MEMS switches bank is shown to 
be improved from 57.73 dBm to 64.21 dBm by proper circuit design in a filter application [245]. 
This optimisation enhances the overall linearity performance of the filter by 6 dB. 
Although the fabrication of microfluidics involves some extra procedures compared to 
semiconductor technology, it needs the mould to be manufactured once. The reproducibility of these 
microfluidic based antennas is relatively high especially in low frequency range. Alignment of 
components could be an issue in very high frequency range which add an extra complexity 
compared to mature semiconductor compatible technologies. On the further step of liquid metal 
actuation and withdrawal, again at low frequency range the reproducibility of the liquid metal is 
achievable in pressure controlled systems. However, in high frequency range, movement of 
relatively small amount of liquid metal typically in the range of pico to nano-liter, would be 
sensitive to actuation method accuracy.  
On the aspect of materials and fabrication cost, the liquid metal antennas have relatively a 
reasonable cost. The main costly part is the mould manufacturing which is dependent on the 
microfluidic structure complexity. The cost range of a photomask with features over 10 μm lies in 
between £75 and £380 ($100 - $500) depending on mask size [246, 247]. The PDMS costs around 
£100/kg [117]. However, it requires only 10g, for example, in the work presented in Chapter 4 to 
fabricate one microfluidic device. In other words, PDMS material for such device costs about £1. 
The liquid metal itself costs £13/g for the commercially available product under the name EGaIn 
[109]. This mean considering the same example of the work presented in Chapter 4, it costs £4 for 
the required 0.3 g amount for this specific design. The Galinstan liquid metal, on the other hand, is 
available from different online suppliers with much lower cost down to £1.1/g.  
A compromise between speed, efficiency, linearity, RF power handling and DC power consumption 
is to be considered. Optimization of these overall performance parameters are totally a function of 
the targeted application. Table 2-1 lists some of the main characteristics of the most commonly used 
reconfiguration techniques along with liquid metal for comparison. 
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Table 2-6: Comparison of reconfiguration techniques [1, 75, 248, 249]. 
Reconfiguration 
Technique 
Tuning 
Type 
Tuning 
Range 
Linearity Losses 
RF 
Power 
Handling 
DC Power 
Consumption 
Tuning 
Speed 
Tuning 
Mechanism 
Complexity  
Liquid Metals Continuous Wide High Low High Moderate Slow Moderate 
Mechanical 
Actuators 
Continuous Limited High Low High High Slow Complex 
Ferrites Continuous Wide Low High High High Fast Moderate 
Liquid Crystals Continuous Limited Low Moderate High Low Fast Moderate 
PIN Diodes Discrete NA Low Moderate Moderate Moderate Fast Simple 
RF-MEMS Discrete NA High Low Low Low Fast Simple 
Varactors Continuous Moderate Low Moderate Moderate Low Fast Simple 
 
The liquid metal alloys have proven several advantages for employment in reconfigurable antennas 
to overcome some conventional methods drawbacks. When used as a loading element or a switch, 
they provide an alternative to the most commonly used nonlinear components, namely PIN diodes 
and varactors. The power handling and reliability of liquid metal switches excel RF-MEMS. The 
wear and tear of mechanically reconfigured antennas, are not an issue here. Implementation as a 
reactive element or a switch, however, is still providing discrete tunability. On the other hand, 
implementation involving physical alteration of the antenna dimensions, i.e. physical modifications, 
proves to be superior. Specifically allowing continuous tunability for a wide tuning range 
bandwidth.  
Most of the published liquid metal reconfigurable antennas implement reactive loading and 
switching mechanisms. They are relatively simpler to implement as a tiny amount of liquid metal 
and for a short distance is needed to achieve the desired performance. However, they are more of a 
discrete tuning. On the other side, the physical modifications are harder to implement as a larger 
amount of liquid metal needs to be manoeuvred. However, the physical modifications of the antenna 
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structure when it is made of liquid metal enable wide flexibility and altering continuously one or a 
combination of desired RF parameters.        
In this research, physical modifications of the radiating elements are explored. The physical 
modification mechanism is used to demonstrate a frequency bandwidth reconfigurability by altering 
the ground plane beneath the radiating element. In addition, pattern reconfigurability by changing 
the shape of the radiating element or beam direction is explored. The ability of liquid metal to 
provide a means to have a continuous tunability is studied and demonstrated for a frequency 
reconfigurable antenna. The Time Domain Solver of CST Studio Suite® [250] is used throughout 
this thesis to simulate the proposed designs. Appendix H has more details on solver settings and 
parameters.   
The liquid metal is injected manually using a syringe in the work presented in this thesis. This is 
the commonly used approach described in the literature for demonstration purposes. No such as full 
injection and removal of liquid metal is implemented. One of the alternative actuation techniques, 
including: electrochemically controlled capillary action and the use of a micropump, could be 
employed in the proposed antennas. However, liquid metal actuation is not the main focus of this 
thesis.
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Chapter 3 
3 Frequency Bandwidth Reconfigurable 
Liquid Metal Antenna 
This chapter shows how slugs of liquid metal can be used to connect/disconnect large areas of 
metalisation and achieve radiation performance may not be possible by using conventional 
switches. The antenna demonstrates its reconfigurability using straight simplified microfluidic 
channels. The proposed antenna can switch its operating bandwidth between ultra-wideband and 
narrowband by connecting/disconnecting the ground plane for the feedline from that of the radiator. 
This could be achieved by using conventional microwave switches. However, since such switches 
provide point-like contacts, a gap in which there is no electrical contact can exist between the 
switches. Surface currents, flowing around these gaps, lead to significant back radiation. In this 
work, the slugs of the liquid metal completely fill the gaps. This significantly reduces the back 
radiation, increases the boresight gain, and produces a pattern identical to that of a conventional 
microstrip patch antenna. 
Moreover, the work involved in here, gives an in-house, hands-on experience related to mould 
designs, microfluidic fabrication, involved chemical reagents, and required equipment. A wide 
spectrum of interdisciplinary knowledge, practical experience and skills ranging from bonding 
techniques to liquid metal rheological behaviour are gained throughout this work. This founds a 
suitable background for the further research presented in subsequent chapters. 
The chapter is organized as follows. Section 3.1 explains the geometry and analysis of the proposed 
antenna. Section 3.2 Fabrication and Antenna Assembly. Finally, Section 3.3 discusses simulation 
and measurement results. The chapter concludes with a summary in Section 3.4. 
3.1 Antenna Geometry and Analysis 
The concept of the antenna is based on the following. A planar monopole antenna, Figure 3-1 (left), 
is similar in appearance to a microstrip patch antenna, Figure 3-1 (right). The key difference is that, 
in a planar monopole antenna, there is no ground plane beneath the radiating element as illustrated 
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in Figure 3-1 (left). In terms of performance, a monopole antenna yields a wide or ultra-wide 
operating frequency bandwidth (UWB). Whereas a microstrip patch antenna only radiates 
efficiently over a narrowband (NB) of frequencies. The realisation that such a dramatic difference 
in performance could be caused by such a simple change in geometry, led to the idea of switched 
on and off the ground plane beneath the radiating element. 
 
 
Figure 3-1: Illustrative schematic showing planner monopole (left) and patch antenna (right). 
 
The antenna originally developed to realise the idea articulated above was reported earlier in the 
literature [251-253]. The proposed antenna here, however, reports an enhanced design with 
improved frequency response and radiation performance. To demonstrate the antenna design 
concept further, the effect of different ground plane configurations, shown in Figure 3-2, on the 
antenna frequency response is shown in Figure 3-3. A 1 mm-wide slots are assumed. 
 
 
Figure 3-2: Illustrative schematic of different ground plane configurations for the NB-mode (top) and 
UWB-mode (bottom). 
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Figure 3-3: Simulated effect of different ground plane configurations on frequency response. 
 
Ideally a solid ground plane, Figure 3-2 (top-left), would be used for the NB mode whereas no 
ground plane, Figure 3-2 (bottom-left), is required for the UWB mode. So as a compromise between 
the two opposite requirements of both operating modes, a truncated ground plane is incorporated as 
demonstrated in Figure 3-2 (top-right).  The effect of truncating the ground plane on the NB mode 
frequency response is negligible as depicted in Figure 3-3 (top). Obviously the truncated ground 
plane is still opposing the no ground plane requirement of the UWB mode. A slot is introduced to 
isolate the feed line ground plane from that of the antenna to minimise its presence. The frequency 
response of the antenna now has a multi-resonance response rather than the ideal UWB response of 
no ground plane as can be seen in Figure 3-3 (bottom). Introducing another slot at the middle of the 
ground plane enhances the frequency band-pass response by perturbing the antenna current 
distribution. Therefore, this second slot is used to remove the notch band in the UWB mode as 
depicted in the frequency response shown in Figure 3-3 (bottom). This two slots configuration is as 
illustrated in Figure 3-2 (bottom-right).  
The effect of introducing the slots on the surface current and electric field distribution is shown in 
Figure 3-4. The normalised surface current on the feedline and radiator and electric field within the 
substrate of the narrowband mode, Figure 3-2 (top), clearly show that the antenna operates in the 
TM10 fundamental mode as shown in Figure 3-4 (top). As the feedline is isolated from the ground 
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plane by the introduced slot, Figure 3-2 (bottom-middle), the antenna at 4.05 GHz shows a typical 
monopole fundamental mode [254-256]. That is to say the current is linearly distributed along the 
y–axis and concentrates towards the feedline edge as can be observed from Figure 3-4 (middle-left). 
As the frequency increases, higher order modes start to propagate [254]. The current and field at 10 
GHz are shown in Figure 3-4 (middle-right). Clearly, the current has two half-cycle distributions 
with stronger current distribution at the radiator edges rather than at the centre of the radiator. 
Introducing the second slot at the centre of the radiator, disturbs the current at the centre but almost 
has negligible effect on the current at the edges at both frequencies as shown in Figure 3-4 (bottom).     
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Figure 3-4: Simulation of normalised surface current and electric field distribution along non-
radiating edge for narrowband mode at 7.32 GHz (top), one slot at 4.05 GHz (middle-left), one slot at 
10 GHz (middle-right), two slots at 4.05 GHz (bottom-left), two slots at 10 GHz (bottom-right). 
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One way to achieve the proposed frequency bandwidth reconfigurability would be to employ 
microwave switches. Sets of simulations are performed to assess the performance of different 
switch types and layouts. A possible configuration is to use a single switch to connect each two 
adjacent ground planes together as illustrated in Figure 3-5 (left). The effect of switches being on 
the ON state is shown in Figure 3-6 (top). In comparison with the truncated solid ground plane case, 
the antenna is still responding as UWB antenna. Increasing the number of switches to three per slot, 
Figure 3-5 (middle), the frequency bandwidth gets narrower. However the matching degrades as 
shown in Figure 3-6 (top). The antenna has a similar frequency response as of the reference case of 
solid truncated ground plane as shown in Figure 3-6 (top) when the number of switches is increased 
to five switches per slot, Figure 3-5 (right). 
In practice, a diode switch is most commonly used mean to resemble a hardwired switch. A diode 
of a typical ON state series resistance of 16.5 Ω (BAR50-02V PIN-diode) is modelled to replace 
the hardwired switches.  Figure 3-6 (bottom) shows the result following the same discussion above 
for the hardwired switches. The effect of the diodes on the antenna input impedance is clearly 
noticed from these plots. Frequency resonance shifts and enhancement of a lower resonance is even 
happened for the case of five diodes per slot. This is a result of the diode being an RLC circuit rather 
than an ON/OFF point of contact. 
 
 
Figure 3-5: Illustrative schematic of switches numbers and locations to achieve frequency bandwidth 
reconfigurability. 
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Figure 3-6: Simulated frequency response of different switch (top) and diode (bottom) numbers and 
locations as illustrated in Figure 3-5. 
 
The resonant frequency, realised gain and total efficiency of these simulation results are 
summarised in Table 3-1. When copper is used to fill the two slots the realised gain and total 
efficiency are 7.2 dBi and 96 %, respectively. This result is the benchmark against which other 
results are compared. When liquid metal is used to fill the two gaps the realised gain and total 
efficiency are virtually unchanged from their values when copper is used. This is due to the high 
conductivity of liquid metal and the fact that it completely fills the gaps. The simulation shows that 
a total of 10 hardwired (ideal) switches would be required to obtain similar performance to that 
obtained using liquid metal. If real PIN diode switches (BAR50-02V PIN-diode) are employed, a 
total of 10 PIN diode switches are required to obtain a similar frequency response to that obtained 
using liquid metal and 18 PIN diode switches are required to obtain a realised gain of 6.8 dBi and 
a total efficiency of 84%. In order to increase the realised gain and total efficiency further to be 
similar to that obtained using liquid metal case, the number of PIN diode switches needed would 
be significantly larger and would virtually fill the gap.     
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Table 3-1: Comparison of narrowband mode simulated RF performance of the proposed liquid metal 
antenna with ideal hardwired and diode switches. 
Switch Type Total Number of Switches Resonant 
Frequency 
(GHz) 
Realised Gain (dBi) Total Efficiency 
(%) 
Copper N/A 7.34 7.2 96 
Liquid Metal N/A 7.32 7.4 95 
Ideal 
Hardwired 
2 6.79 3.4 97 
6 7.42 6.2 79 
10 7.36 7.4 95 
Diode 
2 6.48 1.7 76 
6 7.48 4.7 57 
10 7.40 6.4 76 
18 7.32 6.8 84 
 
The proposed antenna shows how liquid metal can be used to completely bridge the full length of 
the gap between two large areas of metallisation. In this way the gap is completely eliminated when 
the liquid metal is present. The proposed antenna incorporates two slugs of liquid metal. When both 
of the slugs are in place they bridge the gaps between three large regions of copper metallisation, 
located in the ground plane of the antenna. For this reason, the performance reported here might not 
be achieved using conventional switching or tuning devices. 
Moreover, using liquid metal, the slot widths can be optimized without the constraint imposed by 
the locations and/or dimensions of the switches. The slot widths would be expected to have more 
influence on the UWB mode than on the NB mode. For the NB mode, increasing the top slot width 
negligibly affect the antenna response. It enhances, however, the two anti-resonances at the UWB 
mode. Hence, the top slot width is to be selected as such to keep the two anti-resonances minimised. 
On the other hand, the bottom slot width has more influence on the UWB mode as it isolates the 
feed ground plane from that of the antenna. Figure 3-7 shows the effect of varying the bottom slot 
width while keeping the top slot width fixed at 1 mm on the UWB mode of an antenna. As the 
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bottom slot width increases from 1 mm to 3 mm, the anti-resonance at 5.8 GHz decreases. However, 
it starts to increase above 7 GHz. The bottom slot width has to be compromised to achieve a wider 
frequency bandwidth while keeping the anti-resonances minimised. 
 
 
Figure 3-7: Simulated frequency response of UWB mode as a function of bottom slot width. 
 
A microfluidic device, incorporating two channels are used to accommodate the liquid metal. The 
two slugs of liquid metal are employed to fill top and bottom slots within the microfluidic channels. 
When both slugs of liquid metal are in place the ground plane for the microstrip transmission line 
is joined to the ground plane for the radiating element. This causes the antenna to enter the 
narrowband operating state. When both slugs of liquid metal are removed, the ground plane for the 
microstrip transmission line is disconnected from the ground plane for the radiating element. This 
causes the antenna to enter the UWB operating state. 
The final optimised dimensions of the antenna is shown in Figure 3-8. It is to be noted that on 
Figure 3-8 (top-right), the microfluidic device has been made transparent for illustrative purposes. 
The entire microfluidic device is 21 mm x 30 mm x 3 mm. The overall size of the proposed antenna 
has been reduced compared to the original antenna. The complete antenna has an overall size of 38 
mm by 30 mm.  
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Figure 3-8: Illustrative schematic of proposed frequency bandwidth reconfigurable antenna using 
liquid metal slugs showing: top view (top-left), bottom view (top-right) and side view (bottom). 
 
3.2 Fabrication and Antenna Assembly 
The copper parts of the antenna is fabricated using chemical etching on a Taconic TLY-5 substrate. 
The substrate has a thickness of 1.143 mm, a relative permittivity of 2.2, and a loss tangent of 0.0009 
at 10 GHz. The two slugs of liquid metal, mentioned above, are contained within microfluidic 
channels formed from Polydimethylsiloxane (PDMS, SYLGARD(R) 184 silicone elastomer). PDMS 
has a relative permittivity of 2.67, and a loss tangent of 0.02 at 3 GHz. Each channel is 22 mm-long, 
2.5 mm-wide and 1 mm-high. Two inlet/outlet holes are incorporated within each channel to 
facilitate actuation (i.e. insertion and removal) of the liquid metal slugs.  
The microfluidic device is made using a replica mould made out of Polytetrafluoroethylene (PTFE). 
The mould is shown in Figure 3-9. The side walls are made to have the right device width. No side-
walls are made on the length side in order to facilitate the peeling off of the casted device. Instead 
a scalpel is used to cut the excess length utilising the width side-walls as aligners. An aluminium 
foil is wrapped around the mould to create a bath. Four 1.6 mm-diameter holes are drilled on the 
two channel replicas to accommodate 1.6 mm-OD PTFE tubes. The mould overall dimensions are 
39 mm x 31 mm x 28 mm (L x W x H). 
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Figure 3-9: Photo of the PTFE mould used to fabricate frequency bandwidth reconfigurable antenna 
microfluidic device. 
 
The PDMS is mixed in a 10:1 by weight ratio of the base and the curing agent, respectively. The 
mixture is adequately stirred and then degassed using an ultrasonic bath sonicator. The degassed 
mixture is poured onto the PTFE mould up to the height of the side-walls (i.e. 3 mm). After that the 
mould is placed in an oven at 65 °C for 4 hours to cure. After the curing process, the excess sides 
are cut. Also, the four PTFE tubes are pulled creating the required inlets/outlets. Finally the 
microfluidic device is peeled off. 
The fabrication step to follow is to bond the microfluidic device to the antenna printed circuit board. 
In order to bond the microfluidic device to the PCB, uncured PDMS is poured on the PCB and then 
spun coated using a spin coater (Laurell WS-400B-6NPP-LITE [257]). The coated PCB is then 
cured at 95 °C for 2 hours resulting in a coat layer of about 70 μm-thick. The coat layer covering 
the ground plane slots (22 mm-long x 2.5 mm-wide) are cut using a scalpel in order to allow a direct 
contact between the liquid metal and copper later.  
The microfluidic device had to be cleaned before bonding to the PCB. The bottom-layer of the 
structure is rinsed using deionised water and then cleaned with 70% (v/v) solution of ethanol in 
Channels1.6 mm-D PTFE tubes Side-wall
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deionised water. The structure left at room temperature to completely dry. The bonding is 
accomplished by brushing the bottom side of the microfluidic device with uncured PDMS using a 
fine 2/32″-diameter rigger brush. Then the microfluidic device is placed on and aligned with the 
two ground plane slots. The assembled structure is finally cured at 65 °C for 4 hours.  
The prototype fabricated antenna front and rear views are shown in Figure 3-10 (top). For the 
purpose of this proof-of-concept study, a manual syringe is used for liquid metal injection as shown 
in Figure 3-10 (bottom). This is a popular approach within the literature. Full actuation approaches 
for manipuating the liquid metal in and out could also be used.  
 
 
Figure 3-10: Photos of fabricated antenna prototype front view (top-left), rear view (top-right) and 
showing filled channels (bottom).   
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3.3 Simulation and Measurement Results Discussion 
Before discussing the simulation and measurement results of the proposed antenna, a range of 
computer simulations are performed in order to quantify the effect and compare it with that of using 
solid copper or PIN diodes instead of liquid metal. The results are summarised in Table 3-2. The 
conductivity of liquid metal (σ = 3.6 x 106 S/m) [109] is approximately one order of magnitude 
lower than that of copper (σ = 5.8 x 107 S/m). For this reason, the degradation in radiation efficiency 
as a result of replacing solid copper with liquid metal would not be significant. It may also worth 
mentioning that also the dielectric loss of the PDMS has negligible effect as it is located beneath 
the ground plane where the electric and magnetic field strength is low.  
The first row of the table presents the performance of the antenna when the two slots are filled with 
copper. It is instructive to see that the radiation performance of the antenna is unchanged from that 
obtained with the two slots filled with liquid metal.  Finally, the effect of using PIN diodes within 
the proposed antenna is examined. The BAR50-02V RF switching PIN diode [258], is selected for 
this purpose. The PIN diode is modelled using the equivalent RLC lumped circuit model. The PIN 
diode is inserted across the three switch locations proposed by [251-253]. The simulations reveal 
that, in comparison with liquid metal, the use of these diodes shifts the resonance frequency and 
reduces the radiation efficiency by 24%. 
 
Table 3-2: Simulated peak boresight directivity and radiation efficiency comparison of switch 
material or technique for narrowband mode.  
Material/Technique Frequency (GHz)  Peak Directivity (dBi) Radiation Efficiency (%) 
Copper 7.34  7.4 96 
Liquid metal 7.34  7.4 96 
Liquide metal & 
PDMS removed 
7.33  7.5 96 
Diode 7.66  5.9 72 
 
Moving on to the proposed antenna comparison between simulated and measured results, the 
frequency response curves of the antenna pertaining to NB and UWB modes are shown in 
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Figure 3-11 (top) and (bottom), respectively. The antenna performs well, in both operating states 
and there is good agreement between measurement and simulation. 
In order to achieve narrowband operation both slugs of liquid metal must be in place, as explained 
earlier. The deepest resonance in Figure 3-11 (top) is that associated with the TM10 mode. This is 
the fundamental mode associated with a conventional rectangular microstrip patch antenna. 
Specifically, it is located at the frequency for which the length of the radiating patch corresponds 
to a half-guided-wavelength. In the reflection coefficient curves, obtained through measurement 
and simulation, the fundamental resonance is located at a frequency of 7.47 GHz and 7.34 GHz, 
respectively. The measured resonance is just less than 2% off the simulated one. 
When both slugs of liquid metal are removed the antenna enters the UWB operating mode. It is 
evident from the measured results, shown in Figure 3-11 (bottom) that the curve remains below the 
commonly applied -10 dB reflection coefficient threshold from 3.63 GHz to 8.76 GHz. The 
measured reflection coefficient curve remains below -9.6 dB from 3.59 GHz to 11.69 GHz. The 
curve attains its peak measured value of -9.6 dB at a frequency of 9.10 GHz. It is not possible to 
fully remove these notches as there is a trade-off between the design choices required to obtain good 
performance in the narrowband operating mode and those required to obtain good performance in 
the UWB operating mode. The simulated bandwidth covers the frequency band from 3.43 GHz to 
8.42 GHz at S11 ≤ -9.6 dB. Nonetheless, the antenna’s measured 10 dB return loss bandwidth covers 
the UWB as permitted in Europe (i.e. 3.1 GHz to 4.8 GHz and 6 GHz to 9 GHz) [259]. 
Figure 3-12 shows the radiation patterns for the narrowband operating mode of the fundamental 
mode at 7.47 GHz. The radiation patterns are similar to those for a conventional microstrip patch 
antenna, thus confirming the assertion above. According to the simulation, the antenna has a realised 
gain of 7.0 dBi and a total efficiency of 95% at the fundamental resonance of 7.33 GHz. The antenna 
measured a maximum realised gain of 7.0 dBi at 7.47 GHz.  Using the simulated directivity and 
assuming a well matched antenna, i.e. ignoring mismatch losses, the measured total efficiency could 
be estimated as 95% from the simulated directivity (7.2 dBi) and measured realised gain. 
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Figure 3-11: Simulated and measured frequency response of frequency bandwidth reconfigurable 
liquid metal antenna at narrowband mode (top) and ultra-wide band (bottom) mode.  
 
NB-mode
(filled channels)
UWB-mode
(empty channels)
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Figure 3-12: Simulated and measured radiation patterns  for the proposed antenna in the 
narrowband operating mode at 7.47 GHz, xz-plane (left) and yz-plane (right). 
 
Figure 3-13 illustrates a selection of radiation patterns that are obtained with the antenna in the 
UWB operating mode. The xz-plane patterns are approximately omni-directional, whereas the yz-
plane patterns are shaped like a figure-of-eight. The antenna therefore behaves like a conventional 
monopole. The finite ground plane size and the asymmetry of the antenna at the yz-plane may both 
contribute to the high cross-polar components. Also, the measurement of radiation characteristics 
at some of the frequencies would not be straightforward as the polarisation is not solely defined in 
either planes. 
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Figure 3-13: Simulated and measured radiation patterns for the UWB operating mode, xz-plane (left) 
and yz-plane (right) at 4.05 GHz, 5.00 GHz, 6.36 GHz, 7.74 GHz. And 10.00 GHz. 
 
fr = 4.05 GHz
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A common feature of monopole antennas is delivering progressively more gain as the frequency 
increases. This is as a result of increase in directivity of the antenna over frequency [254, 255, 260]. 
The simulated maximum realised gain over frequency is plotted in Figure 3-14 where the increase 
of the realised gain is noted over frequency of operation. However, this maximum gain is not in the 
boresight direction as the radiation pattern starts to form lobes directed away from the boresight 
direction as the antenna electrical length becomes multiple of half wavelength as the frequency 
increases. As the measured realised gain is performed in the xz and yz-plane of Figure 3-8, the 
comparison between simulated and measured realised gain is considered in the boresight direction.  
The simulated and measured boresight realised gain for the UWB mode are plotted in Figure 3-14. 
1.8 dBi is reported as the minimum simulated realised gain at 7.74 GHz whereas 3.1 dBi is reported 
as maxima at 6.36 GHz. The measured realised gain is within good agreement with a maximum 
difference from the simulated results of around 2 dB. Similar difference was generally noticed 
within the used equipment [261-263], Appendix A provides additional related discussion. The 
measured realised gain has a minima of -0.2 dBi at 4.05 GHz. The antenna measures maximum 
gain of 2.5 dBi at both 6.36 GHz and 10 GHz.     
 
 
Figure 3-14: Simulated and measured realised gain of UWB mode at boresight. 
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Using the simulated directivity and assuming a well matched antenna, that is ignoring mismatch 
losses, the measured total efficiency might be roughly estimated from the measured realised gain. 
Figure 3-15 shows the total efficiency of both simulation and estimated measurement results. The 
simulated total efficiency is ranged in between 87% and 94% over the frequency range from 4.05 
GHz to 10 GHz. The slight drop in the total efficiency is mainly due to the increase in the dielectric 
and conduction losses as the frequency increases as shown by the simulated radiation efficiency 
plotted also in Figure 3-15. The estimated measured total efficiency has a minima of 57% at 4.05 
GHz and a maxima of 95% at 10 GHz. 
 
 
Figure 3-15: Simulated and estimated measured total efficiency of UWB mode. 
 
Finally the proposed frequency bandwidth reconfigurable liquid metal antenna is compared with 
the originally published design [251-253]. The original design is shown in Figure 3-16 (left) for 
convenience. In addition, the reported simulation and measurement results of both the ultra-
wideband and narrowband modes are presented in Figure 3-16 (right).   
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Figure 3-16: Original published design layout (left) and simulation and measurement results of both 
modes (right) [253], © [2009] IEEE.  
 
The original design is re-simulated [251] and its simulation results along with the newly proposed 
liquid metal antenna are depicted in Figure 3-17 for the frequency response. The narrowband mode 
frequency response of the original design has an additional resonance below 3 GHz. Although the 
simulation results of both [252, 253] did not predict this resonance. It was apparent in their 
measurement as can be seen in Figure 3-16 (right).  This is attributed by the authors of [252, 253] 
to be a resonance generated by the ground planes. This resonance obviously does not exist in the 
proposed liquid metal antenna as it completely bridges the gaps between the ground planes. The 
additional resonance is also observed in the simulated practical case of replacing the hardwired 
copper switches with the BAR50-02V PIN diode. At the ultra-wide bandwidth mode, both 
simulated antennas as shown in Figure 3-17 (bottom), are marred by a notch at 6.9 GHz and 8.96 
GHz for the original design and the proposed liquid metal antenna, respectively. However, the 
measured frequency response of the original antenna shows multiple notches and described as 
barely acceptable in [253] at 10 dB frequency bandwidth level. On the other hand, the proposed 
liquid metal antenna has a higher measured frequency bandwidth, Figure 3-11 (bottom), of 105% 
within just 0.4 dB of the required level. 
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Figure 3-17: Simulated frequency response comparing both proposed liquid metal antenna and 
published original design at narrowband mode (top) and ultra-wide bandwidth mode (below).  
 
Table 3-3 lists simulated performance parameter results of both designs. In the narrowband mode 
this work excels the original design. About 2 dB increase in the realised gain is achieved. The point 
like contacts of the hardwired switches establish electromagnetic fields across the two slots. This 
results in an unavoidable back radiation causing the boresight realised gain to drop. Figure 3-18 
compares the front and rear views of the 3D radiation patterns associated with the proposed liquid 
metal antenna, Figure 3-18 (top), and the published original design Figure 3-18 (bottom). It is also 
noted the main beam of the original antenna is distorted whereas the proposed antenna is essentially 
the same as one would obtain for a conventional microstrip antenna. 
In the ultra-wide bandwidth mode, the proposed liquid metal antenna has about 22% higher 10 dB 
frequency bandwidth. The realised gain and total efficiency of both antennas are compared at 6.36 
GHz as an example. The proposed liquid metal antenna has a slightly higher (0.7 dB) realised gain. 
An increase of 7% in the total efficiency is achieved by the proposed liquid metal antenna over the 
original design.           
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   Table 3-3: Comparison of proposed antenna with originally published design. 
  Narrowband Mode Ultra-wide Bandwidth Mode 
Reference 
Material/T
echnique 
Bandwidth 
(%) 
Maximum 
Realised 
Gain (dBi) 
Total 
Efficiency 
(%) 
Bandwidth 
(%) at S11 ≤ 
10 dB 
Maximum 
Boresight 
Realised 
Gain (dBi) at 
6.36 GHz 
Total 
Efficiency 
(%) at 6.36 
GHz 
This Work 
Liquid 
metal 
5.1 7.2 95 81.4 3.1 93 
Proposed 
antenna 
incorporating 
PIN diode 
switches 
Diode 6.1 5.1 71 23 3.4 96 
Original 
Design [251-
253] 
Hardwired 
switches 
5.0 5.3 92 59.6 2.4 86 
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Figure 3-18: Simulated 3D radiation patterns  showing front and rear views associated with proposed 
liquid metal antenna (top) and published original design (bottom) [251-253]. 
 
3.4 Conclusion 
This proposed frequency bandwidth reconfigurable liquid metal antenna demonstrates a potential 
form of antenna reconfiguration that can be achieved using liquid metal. The proposed antenna can 
alter the apparent location of its ground plane with respect to the radiating element. The 
reconfiguration necessary to make this work effectively would simply be impossible using 
conventional switching and tuning technology without performance degradation. The antenna is 
capable of switching its operating frequency bandwidth between ultra-wide bandwidth and 
narrowband. The measured narrowband state resonates at 7.47 GHz with measured realized gain of 
5.6 dBi and simulated total efficiency of 95%. The UWB state measured bandwidth is from 3.59 
GHz to 11.69 GHz (S11 ≤ -9.6 dB) with a maximum measured gain of 2.5 dBi at both 6.36 GHz and 
10 GHz.  
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The work presented in this chapter has been produced into a journal publication, "Liquid Metal 
Bandwidth-Reconfigurable Antenna", and published in IEEE Antennas and Wireless Propagation 
Letters, vol. 19, no. 1, pp. 218-222, Jan. 2020. 
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Chapter 4 
4 Continuously Tunable Frequency 
Reconfigurable Liquid Metal Patch 
Antenna  
In the previous chapter, demonstration of potential applications of liquid metal within relatively 
simple microfluidic channel structures to reconfigure frequency bandwidth is presented. In this 
chapter a change of a surface area, rather than a line, within a more sophisticated microfluidic 
structure in order to enable continuous reconfiguration of an antenna frequency is presented. A 
suitable antenna and feeding technique for such application which is the aperture coupled microstrip 
patch antenna is introduced. The typical antenna design parameters are discussed providing 
background for the remaining of the chapter.  
Then, the proposed antenna structure and microfluidic channel design are presented. Discussion of 
liquid metal fluid dynamics are highlighted. The antenna is designed initially to reconfigure over 
the X-band. Simulation results are shown. Then considering recently proposed 5G bands, a more 
potential frequency band for such reconfigurability is chosen which is the sub-6 GHz band. In this 
frequency band two different microfluidic channel layouts are presented, namely serpentine and 
multi-slot layouts. Both designs are thoroughly discussed and evaluated. Simulation and 
measurement characteristics are shown and compared. The chapter concludes with an overall 
summary. 
4.1 Aperture Coupled Microstrip Patch Antenna Background 
Patch antennas are among those antenna types that are well suited for liquid metal frequency 
reconfigurability. They offer attractive features such as light weight, low profile, low cost, 
conformability, and compatibility with integrated circuits [264-267]. Moreover the narrow 
impedance bandwidth of a patch antenna [266] is expected to yield improved efficiency in 
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comparison with a conventional multiband or wideband antenna. The efficiency is improved as a 
result of its narrow instantaneous frequency bandwidth which is inversely proportional to the 
antenna quality factor (Q) [268, 269]. Effectively having a higher Q-factor enhances the bandwidth-
efficiency product, and hence the antenna gain, leading to an RF performance improvement of the 
overall system. Furthermore, the narrow instantaneous frequency response decreases the need for 
filtering in the RF front end [270].  
The antenna arrangement for an aperture coupled microstrip patch antenna is shown in Figure 4-1. 
The resonant frequency of the dominant TM10 mode is obtained by [125]: 
 𝑓10 =
𝑐
2(𝑙𝑅 + 2∆𝑙𝑅)√𝜀𝑟|eff
 (4-1) 
where 𝑐 = 300 × 106  𝑚 𝑠⁄  is the speed of light and the length extension (∆𝑙𝑅) and effective 
permittivity factor (𝜀𝑟|eff) account for fringing field and existence of air above the patch. The length 
extension ∆𝑙𝑅 is given by [125]: 
 ∆𝑙𝑅 = 0.412ℎ𝐴
(𝜀𝑟|eff  + 0.3)(
𝑤𝑅
ℎ𝐴
+ 0.264)
(𝜀𝑟|eff − 0.258)(
𝑤𝑅
ℎ𝐴
+ 0.8)
 (4-2) 
and the effective permittivity factor 𝜀𝑟|eff is given by [125]: 
 𝜀𝑟|eff =
𝜀𝑟 + 1
2
+
𝜀𝑟 − 1
2
[1 + 12
ℎ𝐴
𝑤𝑅
]
−1
2⁄
 (4-3) 
A practical width to have an efficient radiation is given by [265]: 
 𝑤𝑅 =
𝑐
2𝑓𝑟
(
𝜀𝑟 + 1
2
)
−1
2⁄
 (4-4) 
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Figure 4-1. Basic structure of an aperture coupled patch antenna. 
 
For a rectangular microstrip antenna, an approximate percentage BW could be found using [267]: 
 𝐵𝑊 (%) =  
𝐴ℎ𝐴
𝜆0√𝜀𝑟
√
𝑤𝑅
𝑙𝑅
 (4-5) 
where:  
𝐴 = 180 for 
ℎ𝐴
𝜆0√𝜀𝑟
≤ 0.045                   
𝐴 = 200 for 0.045 ≤  
ℎ𝐴
𝜆0√𝜀𝑟
≤ 0.075   
𝐴 = 220 for 
ℎ𝐴
𝜆0√𝜀𝑟
≥ 0.075                    
The proposed feeding configuration is based on a non-contacting approach, namely aperture 
coupling.  A substrate, below the ground plane, is added to support an open-circuit microstrip feed 
line. An aperture cut in the ground plane enables electromagnetic coupling from the microstrip feed 
line to the patch. This feed method has some distinct advantages. It gives more freedom on 
substrates optimisation allowing a selection of a thin high dielectric constant feed substrate, for 
example, without negative impact on antenna performance parameters such as bandwidth and 
efficiency. Moreover, the ground plane isolates the feed from the radiating element and minimizes 
interference [271-273].  
Feed substrate
Microstrip feed line Ground plane
Aperture
z
Antenna substrate
Patch
y
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x
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The electrical properties of the substrate, feed line width (𝑤𝐹), stub length (𝑙𝑆), aperture width (𝑤𝐴), 
length (𝑙𝐴) and position can be used to optimise the design. The aperture is positioned under the 
centre of the patch for maximum coupling and symmetric radiation pattern [267].  
The microstrip feed line width (𝑤𝐹) is determined by the 50 Ω characteristic impedance. The length 
of the open-circuit stub of the microstrip feed line (𝑙𝑆) is used to tune the reactance of the antenna 
to have optimum impedance matching [271, 272], which gives an extra degree of impedance tuning 
freedom.  
The aperture shape is an important factor on coupling strength. Different aperture shapes have been 
reported. However, rectangular apertures are the most commonly applied because of their improved 
coupling strength compared with round apertures, for example. The aperture width (𝑤𝐴) is selected 
to have a maximum coupling while minimizing back radiation. The length of the aperture (𝑙𝐴) has 
much less effect on coupling strength compared to the width. The aperture length is typically a tenth 
of its width [271, 274].  
Based on transmission line analysis [275], the coupling mechanism between the aperture and the 
patch can be looked at as two transforming stages.  First is the transformer between the aperture 
and the patch and its ratio (𝑛1), referring to Figure 4-1, is given by: 
 𝑛1 =
𝑤𝐴
𝑤𝑅
 (4-6) 
Then the second transformer (𝑛2) which is the coupling ratio between the voltages on the microstrip 
feed line and aperture. Consequently the input impedance of the aperture coupled antenna can be 
expressed as: 
 𝑍𝑖𝑛 =
𝑛2
2
𝑛1
2𝑌𝑝𝑎𝑡𝑐ℎ + 𝑌𝑎𝑝
− 𝑗𝑍𝑐 cot 𝑘1𝑙𝑠 (4-7) 
where 𝑌𝑝𝑎𝑡𝑐ℎ and 𝑌𝑎𝑝 are the patch and aperture admittance, respectively. The open circuit stub 
effect is represented by the line characteristic impedance (𝑍𝑐) and the wavenumber (𝑘1) on the 𝑙𝑠 
long line.     
Another distinct feature of the aperture coupling technique is it does not intrinsically generate 
undesirable higher order modes as in probe fed antennas [264]. Moreover as the electric field is 
excited from one side of the slot to another, alternating direction on the x-axis of Figure 4-1, a y-
plane across the slot centre forms a perfect electric wall as the tangential electric component is zero. 
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Relating this to the field distribution of the modes generated under a patch antenna, it can be 
concluded that odd-order modes can only be excited [276]. This is useful as these odd order modes 
are all having broadside radiation patterns which is desirable for most applications.    
On the chemical compatibility side, the aperture coupling technique prevents direct contact of the 
liquid metal patch with the copper microstrip feed line. This prevents the two materials from 
chemically reacting with each other [102]. In addition not having a puncture, in the microfluidic 
channels containing the liquid metal, to connect a feeding probe to the antenna increases mechanical 
reliability and results in a hermetically sealed structure [121]. 
4.2 Continuously Tunable Frequency Reconfigurable Liquid Metal 
Antenna at X-band 
In the following sub-sections, the proposed antenna design is introduced first and then followed by 
discussion of design parameters. Then the microfluidic channel design is introduced and discussed. 
A highlight of a proposed reconfiguration procedure is presented too. The final antenna dimensions 
and simulation results are presented and discussed. Finally, this section concludes with a summary 
of the X-band frequency reconfigurable antenna. 
4.2.1 Antenna Geometry and Analysis  
The 3D geometry of the proposed design is depicted in Figure 4-2. It consists of a liquid metal patch 
antenna contained within a microfluidic channel which is formed within a polydimethylsiloxane 
(PDMS) substrate. The PDMS substrate is mounted on an FR-4 substrate and excited via aperture 
coupling. The top layer is a 1.6 mm-thick polydimethylsiloxane (PDMS) substrate (ɛr = 2.67 and 
tan 𝛿 = 0.001 at 100 kHz [162]). The feed substrate is made of 0.8 mm-thick FR-4 (ɛr = 4.55 and 
tan 𝛿 = 0.0175 at 1 MHz). The microstrip feed line width (wF) is determined by the 50 Ω 
characteristic impedance. Both ground plane and microstrip feed line are made of copper (σ = 5.8 
x 107 S/m). The overall size (𝑙 × 𝑤) of the antenna is 50 mm x 50 mm. The following analysis 
assumes a conventional patch antenna where the microfluidic structure is introduced and its effect 
on RF performance is discussed later in the next section.  
An electrically small (non-resonating) aperture cut in the ground plane enables electromagnetic 
coupling from an open-circuit feed line to the patch. The aperture is positioned under the centre of 
the patch for optimal coupling. This feed method has some distinct advantages. It gives more 
freedom on feed substrate options allowing a selection of a high dielectric constant substrate, for 
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example, without negative effect on antenna performance parameters such as bandwidth and 
efficiency. Also the ground plane isolates radiation emitted from feeding network to the antenna 
[271-273]. The aperture may lead to a higher back radiation but this can be minimised. 
 
Figure 4-2: 3D geometry of the proposed aperture coupled patch antenna (dimensions not to scale). 
 
As discussed earlier the larger the aperture the stronger the coupling ratio. However larger aperture 
results in higher back radiation. The aperture width (wA) is to be compromised to have a maximum 
coupling while minimizing back radiation. The length of the aperture (lA) has much less effect on 
coupling strength compared to the width. The aperture length is typically a tenth of its width [271, 
274].  
As the antenna is to be reconfigured over a range of frequencies, the aperture size has to be a trade-
off in performance between the upper and lower frequency bands. The aperture is to be relatively 
electrically small, that is a non-resonating aperture, to minimise undesirable radiation. Mid-of the 
band of interest, that is to say 6.5 GHz, is a logical design starting point to optimise the aperture 
dimensions. For the aperture to be non-resonant over the band of interest, it should be shorter than 
0.5𝜆𝑔 at the upper frequency band. That is about 0.25𝜆𝑔at 6.5 GHz. Figure 4-3 (top-left) shows the 
effect of increasing the aperture width. It can be seen that the input impedance loop size increases 
as aperture width increases indicating increases in coupling. Also the input impedance increases 
which causes resonance frequency to decrease. These observations can be interpreted also from 
(4-6) and (4-7).  
Feed substrate
Antenna substrate
Microstrip feed line Ground plane
Aperture
Microfluidic channel
Liquid metal
Liquid metal & carrier inlet/outlet
z
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Figure 4-3: Simulated effect of aperture width (top-left), stub length (top-right), patch width (bottom-
left) and antenna substrate height (bottom-right) on antenna input impedance at X-band mid-band. 
 
The length of the open-circuit stub of the microstrip feed line (lS) is used to tune the reactance, see 
(4-7), of the antenna to have optimum impedance matching [271, 272, 274] which gives an extra 
degree of impedance tuning freedom. The stub is capacitive or inductive depending on the sign of 
cot 𝑘1𝑙𝑠 from (4-7). The input impedance loci moves clockwise as the stub length increases as can 
be seen in Figure 4-3 (top-right). The reactance in these shown values move from being capacitive 
to inductive as the stub length increases. 
LS =  5 mm   5.5 mm   6 mm    6.5 mmWA = 7 mm   7.5 mm   8 mm    8.5 mm
WR =  14 mm   16 mm   18 mm    20 mm HA =  1.4 mm  1.6 mm  1.8 mm   2.0 mm
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Another important parameter in the antenna design is the patch width (wR). The width to be chosen 
according to (4-4) to enhance antenna efficiency at the mid-band frequency. Figure 4-3 (bottom-
left) shows the patch width effect on the input impedance. As the patch width increases the 
frequency bandwidth increases as the loop diameter gets smaller. As the antenna is to be 
reconfigured over a wide frequency band, it is expected to have a larger or smaller bandwidth at the 
high and low frequency bands, respectively.    
The height of the antenna substrate might be used to tune the coupling from the aperture. The 
coupling decreases as would expected as the antenna height increases as shown in Figure 4-3 
(bottom-right). Also it can been seen that as the antenna height increases the frequency bandwidth 
increases.  
4.2.2 Microfluidic Channel Design 
The PDMS antenna substrate has a cavity in which the microfluidic channel is structured to 
accommodate the liquid metal as shown in Figure 4-2. The microfluidic channel design is based not 
only on RF requirements but also to take into consideration the chemical compatibility, 
microfabrication and microfluid dynamics. 
The main idea is to guide the liquid metal within the microfluidic channel to allow changes to 
antenna physical length. The liquid metal is more capable of flowing uniformly within a relatively 
narrow rather than wide channel. Hence the antenna substrate cavity is designed to have a serpentine 
channel to guide the liquid. The serpentine channel is created based on the Laplace barriers concept 
[164, 277, 278].  
Laplace barriers form a geometrical obstruction providing virtual fluid confinement within the 
channel. On demand, Laplace barriers allow the geometry to be reconfigured through applied 
pressure to the liquid. There are different types of Laplace barriers reported but a distinct type is 
using posts. The posts extend across the channel height with lateral gaps in between. Figure 4-4 
(left) shows a top-view schematic of Laplace barriers within a channel. The liquid remains in place 
unless a pressure exceeding the Laplace pressure given by (2-9) is applied to cause it to move. Then, 
Figure 4-4 (right), the liquid interface curves to depin from the sides of the posts causing the liquid 
to move forward between the posts.  
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Figure 4-4: Schematic of Post Laplace barrier on steady state (left) and liquid depinning as applied 
pressure exceeds Laplace pressure (right). 
 
This Laplace barrier concept is applied to the proposed antenna substrate cavity as demonstrated in 
Figure 4-5. In order to transfer the liquid metal to the desired segments of the channel to be filled, 
a carrier liquid is required. The liquid metal volume required to fill for example two segments of 
the serpentine channel is to be predetermined. Similarly, the required volume of the carrier liquid 
to fill the remainder of the channel is calculated. The liquid metal is encapsulated between two slugs 
of the carrier liquid. As the liquids enter the channel, Figure 4-5 (left), the pressure (PC) is just high 
enough to drive the two liquids within the serpentine channel as indicated by the large arrows. Both 
liquids are guided by the posts and flow within the serpentine channel, Figure 4-5 (second-left). 
When the liquid metal fills the required segments of the channel, a higher pressure is applied (PP > 
PC) to force the liquids between the posts, Figure 4-5 (second-right). Allowing the liquid metal to 
flow between the posts creates electrical continuity and changes the antenna element from a 
meander to a patch as desired, Figure 4-5 (right).  
To reconfigure the antenna length to another frequency, more carrier liquid is injected. By then, the 
serpentine channel is fully filled with the carrier liquid only. Then the new required volume of the 
liquid metal is injected and followed by the carrier liquid to transfer it in the same way to desired 
segments. 
The required pressure to allow the liquids to flow through either the serpentine channel or between 
the posts is inversely proportional to the flow path dimensions as indicated by (2-9) and (2-12). 
More specifically, it is dominated by the smallest dimension of the path that is the width and height. 
Therefore, ignoring the fluidic resistance given by (2-12) and considering the hydrophobic nature 
of the liquid metal, the required pressure can be approximated [134, 135, 164] from the Young-
Laplace equation given by (2-9) to be: 
liquid
liquid
interface
posts 
row channel
P < PLaplace
liquid
liquid
interface
posts 
row
Liquid 
depinning
P > PLaplace liquid movement
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 𝑃 ≈  
1
𝑤
+
1
ℎ
 (4-8) 
where w and h is the flow path width and height respectively. Having different path widths of the 
serpentine channel and between the posts mean different pressures are required to cause the liquids 
to flow within each path. Based on this, the channel dimensions are designed to control the flow of 
the liquids in such desired way. 
 
 
Figure 4-5: Illustrative schematic of proposed microfluidic channel layout. 
  
With regard to microfabrication, the channel is to be designed taking into consideration the PDMS 
mechanical properties. The design has to satisfy acceptable aspect ratios otherwise the structure 
may bend or collapse. A common range of aspect ratio (h:w) as a rule of thumb in microfabrication 
of microfluidic structures using PDMS is given by [279]: 
 1: 10 < aspect ratio (ℎ: 𝑤) < 4: 1 (4-9) 
Taking this into design consideration, the posts could then serve another purpose here by giving the 
main channel cavity structural robustness.  
PC PC
carrier
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PP > PC PP
Initial flow of carrier 
liquid and liquid metal 
as a result of applied 
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until liquid metal fills 
in desired segments
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Electrical continuity 
achieved as liquid metal 
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The proposed antenna in Figure 4-2 is presented with more details in Figure 4-6. The cavity width 
(wR) is 17.9 mm and its length (lR) is 26.3 mm. A top view of the antenna structure with details of 
the microfluidic channel is shown in Figure 4-6 (left). Channel width (wC), posts separation distance 
(wP) and posts diameter (dP) dimensions are designed according to the discussion above with 1 mm, 
100 m and 100 m respectively. A cross-sectional and stack-up view of the antenna is shown in 
Figure 4-6 (right). The posts height (hP) is 100 m whereas antenna substrate (hA) and feed substrate 
(hF) are 1.6 mm and 0.8 mm respectively. It implies for these proposed dimensions that, using (4-8), 
approximately double the applied pressure (20 kPa) would be required to force the liquid metal 
between the posts rather than through the channels themselves (11 kPa).  
The microfluidic channel has a minimum antenna length of 2.1 mm (2 × channel width (wC) + post 
diameter (dP)). The length can be increased in steps of 2.2 mm (2 × channel width (wC) + 2 × post 
diameter (dP)) if segments to be fully filled. Moreover, a channel can be partially filled to any extent 
allowing continuous tunability. In other words, the antenna has a variable length (AntL) that can be 
varied continuously from 2.1 mm to 26.3 mm. There are two inlet/outlet connectors to allow 
injection and control of liquid metal length. A summary of all dimensions, their values and 
descriptions are listed in Table 4-1.    
 
 
Figure 4-6.  Top (left) and cross-sectional (right) views of antenna showing microfluidic channels and 
antenna stack-up (dimensions not to scale).  
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Table 4-1: X-band frequency reconfigurable antenna dimensions summary. 
Dimension Value (mm) Description Dimension Value (mm) Description 
AntL 2.1 to 26.3 
Liquid metal patch 
variable length. 
lS 6 Open-circuit stub length. 
dP 0.1 PDMS post diameter. w 50 
Width of the ground 
plane and both 
substrates. 
hM 1.6 
Microfluidic antenna 
substrate thickness. 
wA 7.75 Aperture width. 
hF 0.8 Feed substrate thickness. wC 1 
Microfluidic channel 
width. 
hC 0.1 
Microfluidic channel 
height, PDMS post 
height. 
wF 1.5 Feed line width. 
l 50 
Length of the ground 
plane and both 
substrates. 
wP 0.1 PDMS post separation. 
lA 0.775 Aperture length. wR 17.9 
Microfluidic channels 
cavity width. 
lR 26.3 
Microfluidic channels 
cavity length. 
   
 
4.2.3 Simulation Results and Discussions 
First of all, a comparison between copper (σ = 5.8 x 107 S/m) and liquid metal (σ = 3.4 x 106 S/m) 
on a solid PDMS substrate was carried out to evaluate the conduction losses associated with liquid 
metal. The antenna layout is as in Figure 4-2 and Figure 4-6 and the dimensions are given in 
Table 4-1. However, the antenna substrate is assumed to be a solid PDMS, i.e., without the 
microfluidic channel and the patch metal sits on top of it. Figure 4-7 shows the reflection coefficient 
for the case where the patch length (AntL) is 13.1 mm. The results are well in agreement and both 
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antennas resonate at 5.92 GHz. Figure 4-8 shows E-plane and H-plane radiation patterns. The 
patterns in both planes are identical. The maximum realised gain, which includes substrate loss and 
impedance mismatch, is around 7 dBi for both planes and models. The radiation efficiency for 
copper and liquid metal models are 86% and 85% respectively. The total efficiency values for both 
models are almost identical to the radiation efficiency since both antennas are well matched. 
 
 
Figure 4-7: Simulated reflection coefficient of copper and liquid metal patch antenna on a solid 
PDMS substrate (AntL = 13.1 mm). 
 
 
After evaluating the conduction losses, liquid metal and a carrier encapsulated within a microfluidic 
channel is simulated and similarly compared to the copper patch on the solid PDMS substrate. Two 
different carriers are considered separately, namely: air or mineral oil (Hydrocal 2400 [280]). 
Figure 4-9 shows their frequency response whereas frequency response of liquid metal on solid 
PDMS substrate is not plotted as it has, as shown in Figure 4-7, a similar response to copper. The 
resonant frequency shifts slightly downward for both carrier cases. In the case of liquid metal with 
air carrier, the resonant frequency is 5.87 GHz. On the other hand, antenna resonates at 5.85 GHz 
when Hydrocal 2400 is used as a carrier. The shift downwards is expected because the effective 
relative permittivity in the case of Hydrocal 2400 (ɛr = 2.31) is higher than the air case. The radiation 
patterns are identical to those depicted in Figure 4-8. The realised gain for both carrier cases is about 
7dBi. The radiation efficiency drops slightly to 84% for air and 83% for Hydrocal 2400 due to field 
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interaction with these dielectrics. The total efficiency is almost equal to the radiation efficiency for 
both cases as explained earlier. 
 
 
Figure 4-8.  Simulated E-plane (left) and H-plane (right) radiation patterns (realised gain) for copper 
and liquid metal patch on a solid PDMS substrate (AntL = 13.1 mm). 
 
 
Figure 4-9.  Simulated reflection coefficient of copper on a solid PDMS substrate and liquid metal on 
microfluidic channels PDMS substrate with Hydrocal 2400 or air carriers (AntL = 13.1 mm). 
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Length (AntL) of the liquid metal patch antenna on the microfluidic PDMS substrate is studied 
thoroughly for different values with Hydrocl 2400 carrier. The patch length (AntL) is varied from 
6.5 mm to 26.3 mm in 2.2 mm steps. The following paragraphs present and discuss simulation 
results of AntL variation. 
Figure 4-10 shows the simulated reflection coefficient for different tuning states. The antenna shows 
a frequency operating range (S11 ≤ -10 dB) from 3.2 GHz to 9.88 GHz. An important parameter of 
the antenna that has an impact on the plotted frequency responses is its width. The antenna width 
affects the input impedance which in turns affects antenna bandwidth and efficiency. Using (4-4), 
for a width of wR = 17.9 mm, the antenna resonates efficiently at about 6.2 GHz. Reducing wR has 
the effect of reducing the instantaneous frequency bandwidth and radiation efficiency. On the other 
hand, the larger wR yields higher bandwidth and higher efficiencies, but higher order modes may 
also be excited [264-267].  
This explains the decrease in antenna frequency bandwidth as the antenna length gets larger. 
Although it is still within typical patch antennas bandwidth of the order of a few percent [281] 
except for the longest length (AntL = 26.3 mm) where bandwidth drops just below 1%.  
 
 
 
Figure 4-10.  Simulated reflection coefficient of liquid metal patch antenna when varying its length 
(AntL). 
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When part of a segment of the microfluidic channel is filled, the antenna is expected to have a 
resonance falling between two fully filled adjacent segments. This is demonstrated for shortest, 
about mid-length and longest antenna lengths (AntL) respectively. These values represent an 
example of continuous tunability of the proposed antenna. The reflection coefficient when AntL = 
4.3 mm and the adjacent channels are either half or three quarters filled with liquid metal is shown 
in Figure 4-11 (up left). The highest operable achievable frequency (S11 ≤ -10 dB) is at 10.28 GHz 
with a resonance at 10.12 GHz. The frequency shifts downward to 9.76 GHz and 9.65 GHz for three 
quarters and fully filled channels respectively. In Figure 4-11 (up right), the frequency response is 
presented for length values around AntL = 13.1 mm. The resonant frequency shifts from 5.66 GHz 
to 5.13 GHz for a quarter to fully filled channels. Similarly for the lower frequency subbands, shown 
in Figure 4-11 (bottom), the antenna resonates from 3.38 GHz to 3.21 GHz, where the lowest 
operable frequency (S11 ≤ -10 dB) is 3.12 GHz.   
 
 
Figure 4-11:  Simulated reflection coefficient of liquid metal patch antenna when width of the 
microfluidic channels (WR) is partially filled for different AntL. 
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The proposed antenna yields a continuously tunable operating frequency. The antenna operating 
frequency can be tuned from 3.21 GHz to 10.12 GHz, which represents, using (2-1), a tuning range 
(TR) of approximately 104% (6.91 GHz). Using (2-2), the antenna has indeed a wide total usable 
spectrum (TS) of 105% (7.08 GHz). The input reflection coefficient remains ≤ -10 dB over this 
range. 
The E-plane and H-plane realised gain radiation patterns for three different antenna lengths (AntL = 
6.5 mm, fr = 9.65 GHz, realised gain = 5.12 dBi; AntL = 13.1 mm, fr = 5.85 GHz, realised gain = 6.9 
dBi; and AntL = 26.3 mm, fr = 3.21 GHz, realised gain = 5.25 dBi) are presented in Figure 4-12. The 
variations in the radiation patterns between different antenna lengths (AntL) are minor. Main lobes 
are as expected in broadside direction. However, when AntL = 6.5 mm, the E-plane pattern shows a 
dip at broadside direction with a maximum variation of realised gain of 2.07 dB for -31° ≤ θ ≤ 31°. 
Another point to be mentioned is the low gain of the back lobes as shown in the radiation plots. 
This indicates a minimal radiation is generated by the coupling aperture itself. The radiation patterns 
at other frequencies look the same as those presented here and omitted for plots clarity.  
 
 
Figure 4-12:  Simulated E-plane (left) and H-plane (right) radiation patterns (realised gain) of liquid 
metal patch antenna for three different AntL values. 
 
Figure 4-13 presents the realised gain as a function of resonant frequency. The realised gain attains 
its maximum value of 6.9 dBi when AntL = 13.1 mm, i.e. fr = 5.85 GHz. A minimum realised gain 
of 4.97 dBi at 10.12 GHz is noticed when the antenna length is AntL = 4.3 mm plus half-filled 
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adjacent channels. The gain variations are expected as it is a function of antenna effective area, 
governed by 𝐴𝑛𝑡𝐿  × 𝑤𝑅, and the mismatch efficiency.  
The radiation efficiency and total efficiency are shown in Figure 4-14. The maximum total 
efficiency of 82 % is obtained at 5.85 GHz (AntL = 13.1 mm). At 10.12 GHz (AntL = 4.3 + half-
filled adjacent channels), the total efficiency attains its minimum value of 66%. The radiation 
efficiencies are very close to the total efficiencies as input impedances are well matched for most 
cases, as seen in Figure 4-10. 76% radiation efficiency is obtained at 3.2 GHz resonant frequency 
(AntL = 26.3 mm) and 72% at 10.12 GHz (AntL = 4.3 mm + half-filled adjacent channels).         
 
 
Figure 4-13.  Realised gain of liquid metal patch antenna at different resonances. 
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Figure 4-14.Simulated radiation and total efficiency of liquid metal patch antenna at different 
resonances. 
4.3 Continuously Tunable Frequency Reconfigurable Liquid Metal 
Antenna at Sub-6 GHz Band 
New frequency bands at the sub-6 GHz band, were identified at the World Radiocommunication 
Conference 2015 (WRC-15) as additional frequency bands for future mobile telecommunications 
[282]. These sub-6 GHz bands are most likely to be the first phase of the 5th generation (5G) mobile 
networks deployment in 2020 [283, 284]. Appendix B details most of the current and the Office of 
Communications (Ofcom) perspective on the future cellular mobile spectrum below 6 GHz in the 
United Kingdom (UK) [283-287]. The ability to reconfigure the antenna over a wide frequency 
range at sub-6 GHz appears to be more beneficial and useable. This motivates redesigning the X-
band antenna to operate at the sub-6 GHz band.  
Two different designs for the microfluidic channel are presented. Both designs are aperture fed, and 
the metal and dielectric stack up remain the same for both, Figure 4-15 (top). The microfluidic 
channel structure for the first design has a serpentine layout and incorporates rows of posts as of 
the X-band proposed antenna as shown in Figure 4-15 (bottom-left). However, experienced 
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rheological behaviour of the liquid metal within the serpentine channel necessitates microfluidic 
channel modifications. For that reason, the channel structure used to realise the radiating patch for 
the second design is modified. Multi-slot channels are implemented in the second microfluidic 
device as depicted in Figure 4-15 (bottom-right). 
The remainder of the section is structured as follows. The serpentine antenna geometry and analysis 
of the design parameters are highlighted. Then presentation of fabrication and antenna assembly are 
provided. The simulation and measurement results along with liquid flow dynamics are finally 
discussed. Then a similarly structured sub-section to follow discussing the multi-slot design. 
 
 
Figure 4-15: Structure of the two antenna designs (top), serpentine microfluidic channel (bottom-left) 
and multi-slot microfluidic channels (bottom-right). Dimensions not to scale. 
 
4.3.1 Serpentine Microfluidic Channel Design 
4.3.1.1 Antenna Geometry and Analysis 
The design is based on the X-band design discussed in Section 4.2. Apart from dimension changes, 
three main modifications are implemented, namely on: feed substrate, antenna substrate and 
inlet/outlet layout of the microfluidic channel. Two of these changes are to enhance the RF 
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performance of the antenna whereas the third to improve reconfiguration speed. These 
modifications are discussed below. 
The first modification done on the feed substrate. The FR-4 (ɛr = 4.55 and tan 𝛿 = 0.0175 at 1 
MHz) substrate is replaced by a Taconic RF-60A substrate (ɛr = 6.15 and tan 𝛿 = 0.0028 at 10 
GHz [288]). The higher relative permittivity of the RF-60A substrate compared to 4.55 of the FR-
4 minimises unwanted feedline radiation whereas mainly the lower loss tangent increases antenna 
efficiency. In the mid-band of the X-band design, i.e. at 5.9 GHz), the radiation efficiency increases 
to 90% using RF-60A compared to 83% using FR-4. That is 7% increase. The total efficiency 
increases by 8% leading to 82% when RF-60A is used. The heights of both substrates are kept the 
same (0.8 mm) in these comparison. 
As the frequency band of interest is lower than the previous design, the height of the PDMS antenna 
substrate has to be modified too. Increasing the antenna substrate thickness enables preserving a 
reasonable antenna bandwidth and having a good radiation efficiency, more specifically at the low 
end of the band. For example at 3.4 GHz (AntL = 19.8 mm, wR = 65 mm, wA = 24 mm, lS = 8 mm 
and hM = 5 mm), the radiation efficiency increases by 23% and at 1.4 GHz (AntL = 55 mm, wR = 65 
mm, wA = 24 mm, lS = 8 mm and hM = 5 mm) by 41% compared to hM = 1.6 mm. The radiation 
efficiency over frequency for different substrate heights is shown in Figure 4-16. 
Having a thicker antenna substrate, however, would increase the dielectric losses within the PDMS 
substrate. These losses could be reduced by air-hollowing [124, 289] the bulk part of the substrate 
to minimise field interaction with the material. An air cavity of 3 mm-high within the PDMS 
substrate underneath the patch antenna results in a 5% improvement in the radiation efficiency at 
3.4 GHz compared to a 5 mm-thick solid substrate. A 16% gain in the radiation efficiency is 
obtained at 1.4 GHz when similarly comparing air-hollowed and solid PDMS substrates.  
Alternatively a low loss microwave substrate with similar relative permittivity could be introduced 
above the feed substrate compensating for the required height increase while minimising dielectric 
losses dependency on the PDMS. A 5% and 13% increase in the radiation efficiency when a 3 mm-
thick low loss substrate (ɛr = 2.2 and tan 𝛿 = 0.0009 at 10 GHz) is placed below the PDMS 
substrate, where the total thickness of both is kept constant as above (hM = 5 mm), at 3.4 GHz and 
1.4 GHz, respectively.   
Figure 4-16 shows the radiation efficiency for both proposed solutions. The air-hollowing technique 
has a better radiation efficiency but may add complexity to the microfabrication of the microfluidic 
channel and weakens the structure mechanically. The low loss microwave substrate has a good 
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radiation efficiency over the tuning range and provides a simpler implementation. A Rogers 
RT5880 (ɛr = 2.2, tanδ = 0.0009 and hA = 0.8 mm) substrate is selected as it has very low loss at 
frequency of interest. 
 
 
Figure 4-16: Simulated radiation efficiency dependence of PDMS substrate thickness and 
configuration. 
 
The PDMS thickness above the microfluidic channel, which acts as a superstrate to the liquid metal 
patch, has a negligible effect on the antenna as it is a relatively thin superstrate [290]. However, its 
thickness is to be minimised to lower the dielectric losses. In the same time mechanical robustness 
is to be considered. A reduction in the radiation efficiency of 5% is observed when the PDMS 
superstrate thickness increased from 0.1 mm to 1 mm at 1.4 GHz (AntL = 55 mm, wR = 65 mm, wA 
= 24 mm, lS = 8 mm and hM = 5 mm).  
Finally, the third modified part is the number of microfluidic channel inlet/outlet. Instead of having 
an inlet/outlet at the beginning and end of the serpentine channel, a pair of inlet/outlet is added and 
located equally apart at about half the distance from the centre of the antenna. This new inlet/outlet 
pair would enable reconfiguring the antenna for a range of frequencies, at the high tuning band, 
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rather than needing to fill the whole entire microfluidic channel. This would improve the 
reconfiguration speed. 
After highlighting the geometrical modifications of the structure, a presentation on the effect of 
critical dimensions of the antenna is to follow. Namely the aperture width, stub length, patch width 
and antenna substrate height influence on the antenna input impedance is discussed at the mid-band 
of the frequency of interest. That is at about 3.8 GHz.  
As stated earlier the coupling aperture width (wA) is a compromise between maximising coupling 
and minimising back radiation. Moreover, as the antenna frequency is tunable over a wide range, 
the aperture performance would be different at the upper and lower bands. Figure 4-17 (top-left) 
shows variation of the input impedance as a result of the aperture width increases from 14 mm to 
17 mm. The loop size increases implying increases in coupling. Similarly, the resonant frequency 
decreases as the input impedance increases. 
The stub length tunes mainly the antenna reactance. The effect of increasing the stub length on the 
input impedance is shown in Figure 4-17 (top-right). It changes the input reactance from 𝑗14.2 Ω to 
−𝑗3.8 Ω as its length increases from 9 mm to 12 mm for these shown cases at 3.8 GHz. Figure 4-17 
(bottom-left) shows the patch width on the input impedance of the antenna. The loops get smaller 
as width increases indicating increase in frequency bandwidth as expected. The effect of the antenna 
substrate thickness on the impedance is depicted in Figure 4-17 (bottom-right). It mainly controls 
two antenna parameters, namely: bandwidth and coupling ratio. As the substrate gets thicker the 
coupling is reduced while frequency bandwidth is increased. On the other hand, as the antenna 
substrate gets thinner, the coupling is increased whereas frequency bandwidth is decreased. 
Table 4-2 lists the final antenna dimensions. The overall size of the antenna is 78 mm x 100 mm (w 
x l). The feed and antenna substrates are extended by 10 mm from one side to accommodate for the 
RF connector. A SubMiniature version A (SMA) connector is used. A cross-sectional view of an 
inlet/outlet block is shown in Figure 4-18 with relevant dimensions. The dimensions are such to 
accommodate a PTFE feeding tube of 1.6 mm-OD and 0.5 mm-ID [Adtech, standard PTFE tube 
[291]]. The tube rests on the microfluidic channel substrate and liquid flow through an inner-inlet 
of 0.5 mm-diameter. The block overall dimension is 10 mm x 10 mm x 7 mm (l x w x h). The width 
of each segment of the serpentine channel (wC) and the post diameter (dP) are kept the same as of 
the X-band design that is 1 mm and 100 m, respectively. However the posts separation distance 
(wP) is shortened by 50% to be 50 m. This affects mainly the pressure required to drive the liquids 
between the posts. In another words, the required pressure now is 50% higher than the 100 m posts 
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separation case. Using (4-8), this is approximately (30 kPa) which is about three time higher than     
what would be required to drive the liquids through the channel (11 kPa). This modification is done 
considering possibilities of using different carrier liquids with different properties at the time of 
microfluidic channel submission for fabrication. 
 
 
Figure 4-17: Simulated effect of aperture width (top-left), stub length (top-right), patch width 
(bottom-left) and antenna substrate height (bottom-right) on antenna input impedance at sub-6 GHz 
mid-band. 
 
WR =  40 mm   44 mm   48 mm   52 mm HA =  1.4 mm  1.6 mm  1.8 mm   2.0 mm
WA = 14 mm   15 mm  16 mm   17 mm LS =   9 mm    10 mm   11 mm   12 mm
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Table 4-2: Sub-6 GHz band serpentine microfluidic channel frequency reconfigurable antenna 
dimensions summary. 
Dimension Value (mm) Description Dimension Value (mm) Description 
AntL 2.1 to 57.1 
Liquid metal patch 
variable length. 
lR 57.1 
Microfluidic channels 
cavity length. 
dP 0.1 PDMS post diameter. lS 10 Open-circuit stub length. 
hA 0.8 
Antenna substrate 
thickness. 
w 78 
Width of the ground 
plane and both 
substrates. 
hM 1.6 
Microfluidic channel 
substrate thickness. 
wA 16 Aperture width. 
hF 0.635 Feed substrate thickness. wC 1 
Microfluidic channel 
width. 
hC 0.1 
Microfluidic channel 
height, PDMS post 
height. 
wF 0.9 Feed line width. 
l 100 
Length of the ground 
plane and both 
substrates. 
wP 0.05 PDMS post separation. 
lA 1.6 Aperture length. wR 45.7 
Microfluidic channels 
cavity width. 
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Figure 4-18: Cross-sectional view of inlet/outlet block showing relevant dimensions. 
 
4.3.1.2 Fabrication and Antenna Assembly 
The microfluidic structure is created using CST Studio Suite. A 3D computer-aided design (CAD) 
file using the Standard for the Exchange of Product Data (STEP) file format was submitted for 
fabrication [292]. A replica master was created using photolithography technology. The master was 
used to fabricate through soft lithography the proposed microfluidic structure. The fabricated 
microfluidic structure is shown in Figure 4-19 (left). A magnified view of part of the channel under 
a digital microscope (EVO Cam digital microscope [293]) are shown in Figure 4-19. 
 
 
Figure 4-19: Fabricated microfluidic structure (left) and magnified view showing meander channel 
and Laplace barrier posts (right). 
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The antenna and feed substrates are fabricated using standard printed circuit board (PCB) chemical 
wet etching technology. Ferric chloride (FeCl3) is used as a solvent. The copper cladding of the 
antenna substrate bottom-layer was not etched. It was left to be in contact with the ground plane of 
the feed substrate. However, a two times bigger aperture was etched in alignment with the coupling 
aperture in order not to block the coupling mechanism. Figure 4-20 shows the fabricated feed PCB 
with soldered SMA connector. 
 
 
Figure 4-20: Fabricated feed substrate showing coupling aperture and SMA connector. 
 
To assemble the microfluidic structure to the antenna substrate, an assembly tool and a bonding 
layer are needed. The assembly tool enables mainly aligning the parts together during bonding. 
Figure 4-21 shows a 3D view of the assembly and alignment tool. The tool has three parts, namely: 
a base unit, aligner and presser. The base unit, bottom part into the page, is to hold the antenna 
substrate using bolts and nuts. The aligner part, shown in the middle, has a lid that sets on a 
perimeter grove on the base unit. The window within the aligner is to accommodate the microfluidic 
structure during bonding. In order to apply some distributed force during the bonding process, a flat 
surface with only openings for inlet/outlet block is made which is shown towards out of the page in 
Figure 4-21. The parts were fabricated using 3D printing technology. 
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Figure 4-21: Perspective view of the assembly and alignment tool. 
 
The bonding is accomplished by coating the antenna substrate top-layer with uncured PDMS. A 7 
mL of PDMS was poured on the PCB sample and then spun coated using a spin coater (Laurell 
WS-400B-6NPP-LITE [257]). The film thickness depends on several parameters, namely: spinning 
speed, spinning duration, mixing ratio, duration between mixing of PDMS and spin coating, and 
room temperature. Among them, the spinning speed and duration have greater effect on controlling 
the film thickness [294, 295], see Appendix C for more details. The spin coater was set to 1,000 
rpm spinning speed and 2 min spinning time. The coated antenna substrate was then cured in an 
oven at 95°C for 2 h [135, 296, 297]. The cured layer thickness measured an average thickness of 
70 μm. This layer formed a base to bond the microfluidic structure to with a better adhesion strength 
than direct bonding to the PCB as detailed in Appendix C. 
The microfluidic structure had to be cleaned before bonding. The bottom-layer of the structure was 
rinsed using deionised water and then cleaned with 70% volume/volume (v/v) solution of ethanol 
in deionised water. The structure left at room temperature to completely dry. Then the previously 
coated antenna substrate PCB, see Figure 4-22 (top-left), was spin coated again using same spin 
settings. After that the PCB is placed on the base unit, Figure 4-22 (top-right), of the assembly 
structure and fixed using the bolts and nuts. The aligner structure is then placed on top to allow 
aligning the microfluidic structure at the PCB centre. Then the microfluidic structure was place 
within the aligner window, see Figure 4-22 (middle-left). The assembled structure is cured in the 
oven, Figure 4-22 (middle-right), at 65°C for 4 h to allow bonding [135, 296, 297]. Figure 4-22 
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(bottom-left) shows the bonded microfluidic structure to the antenna substrate and Figure 4-22 
(bottom-right) shows the final assembly of the antenna. Scotch™ tape on inlets/outlets is used to 
prevent dust into the microfluid channel during bonding and assembly procedures. Required 
reagents and equipment to do coating and bonding are listed in Appendix C.  
 
 
Figure 4-22: Spin coated antenna substrate (top-left), assembly base unit with coated antenna 
substrate (top-right), aligner part and microfluidic structure in place (middle-left), the whole 
assembly with presser in oven for curing process (middle-right), bonded microfluidic structure 
(bottom-left) and assembled antenna with feed substrate (bottom-right). 
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4.3.1.3 Simulation and Measurement Results Discussion  
The effect of varying the value of AntL from 6.6 mm to 57.1 mm is simulated. This dimension 
change causes continuous frequency tuning from 1.51 GHz to 5.89 GHz. Some cases, for plot 
clarity, are shown in Figure 4-23. This represents a frequency tuning range (S11 ≤ -10 dB) of 4.38 
GHz. Using (2-1) and (2-2), this corresponds to 118% and 119% tuning range and total usable 
spectrum, respectively. 
 Similar observations regarding the instantaneous frequency bandwidth can be noticed as of the X-
band design. The aperture has a resonant length at the higher frequency band. Therefore, both the 
radiating element and the aperture resonate at these frequencies resulting in a higher instantaneous 
frequency bandwidth compared to the lower frequency band [267]. Moreover, the width and height 
of the antenna are electrically efficient compared to the wavelength at the upper band as can be 
interpreted from (4-4) and (4-5). However, at the lower band the instantaneous frequency bandwidth 
drops below 1% at the longest length (AntL = 57.1 mm), for example, as the width of the antenna at 
the lower tuning band is smaller than the optimum efficient width given by (4-4). In addition, the 
corresponding electrical length at these frequencies makes the substrate appears electrically thin 
which also lowers the frequency bandwidth as can be interpreted from (4-5).  
The radiation patterns in both E-plane (ϕ = 0°) and H-plane (ϕ = 90°) are generally consistent with 
AntL variation. Polar plots of the radiation pattern for only three different antenna lengths (AntL = 
6.6 mm, fr = 5.89 GHz, Grlz = 4.5 dBi; AntL = 24.2 mm, fr = 3.27 GHz, Grlz = 6.3 dBi; and AntL = 
27.4 mm, fr = 2.23 GHz, Grlz = 5.0 dBi) are depicted in Figure 4-24. They represent radiation patterns 
of a conventional patch antenna. The effect of the aperture on the back lobe level can be noticed 
when the AntL = 6.6 mm (fr = 5.89 GHz) as the aperture size is electrically large and it is near 
resonance. The back lobe is reduced as AntL increases as the relative electrical size of the aperture 
gets smaller. 
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Figure 4-23: Simulated reflection coefficient of serpentine liquid metal antenna when AntL is varied.  
 
AntL
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Figure 4-24: Simulated E-plane (left) and H-plane (right) radiation patterns (realised gain) of 
serpentine liquid metal antenna for three different AntL. 
 
Figure 4-25 shows the simulated radiation and total efficiencies. The antenna attains maxima of 
both radiation and total efficiency of 81% at 5.36 GHz (AntL = 11 mm). A radiation efficiency of 
49% and total efficiency of 45% are recorded as minimum efficiencies at 1.51 GHz (AntL = 57.1 
mm). As the antenna has a good matching over the tuning range, the total efficiency is close to the 
radiation efficiency in most of the cases. 
The simulated directivity and realised gain over the frequency tuning range are shown in 
Figure 4-26. Directivity and realised gain of 7.9 dBi and 6.9 dBi, respectively, are obtained as 
maximum values at 4.57 GHz (AntL = 15.4 mm). At the lowest resonant frequency (AntL = 57.1 
mm, fr = 1.51 GHz), the directivity is 6.6 dBi whereas the realised gain is 3.1 dBi. The drop in the 
realised gain at 1.51 GHz is due to the conduction and dielectric losses at this frequency which 
resulted in 49% radiation efficiency as stated above. Again, this is as a result of the antenna having 
a smaller width and height than what would be optimum at these frequencies.    
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Figure 4-25: Simulated radiation and total efficiency of serpentine liquid metal antenna over 
frequency. 
 
Figure 4-26: Simulated directivity and realised gain of serpentine liquid metal antenna over 
frequency. 
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A representative image of the antenna liquid metal filling and inspection setup is shown in 
Figure 4-27. The setup consists of a syringe pump (World Precision Instruments, ALADDIN-941-
371-1003 [298]) to drive the liquid metal within the microfluidic channel via a 5 mL syringe, Luer 
lock fittings and 1.5 mm-OD PTFE tube. The antenna is placed under a microscope (Nikon 
Metrology, Universal Design Microscope, ECLIPSE LV100DA-U [299]) to monitor and inspect 
liquid flow during filling process. The microscopic images are shown via an attached camera on a 
detached display unit.   
The microfluidic channel is first fluidically tested before liquid metal injection. Ethanol is used to 
check the flow and rigidity of the structure. The channel is then air dried using filtered air before 
put into the oven at 150°C for 10 min to remove all traces of ethanol.  A fully filled antenna with 
liquid metal (AntL = 57.1 mm) is depicted in Figure 4-28. Figure 4-29 compares the simulated and 
measured frequency response of the antenna for this case. In the simulation result the resonance is 
located at a frequency of 1.51 GHz whilst in the measurement result it is located at 1.49 GHz. The 
two results are therefore in good agreement with an error of only 1.3%. 
 
 
Figure 4-27: Liquid metal injection setup for patch antenna. 
 
syringe pump microscope
syringe
antenna
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Figure 4-28: Fabricated antenna of serpentine channel showing fully filled case (AntL = 57.1 mm). 
 
 
Figure 4-29: Simulated and measured frequency response of fully filled serpentine channel liquid 
metal antenna (AntL = 57.1 mm). 
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Simulated and measured radiation patterns corresponding to AntL = 57.1 mm are shown in 
Figure 4-30. The variations in the radiation pattern between simulation and measurement are minor. 
At the resonant frequency (1.51 GHz) the antenna has a simulated realised gain of 3.1 dBi 
corresponding to a total efficiency of 45%. The dimensions of the coupling aperture, matching stub, 
and antenna width and height are optimized for the centre of the tuning band. At the upper and 
lower end of the band the matching degrades. This explains the observed reduction in gain, 
compared to a conventional patch antenna, at the lower end of the tuning band. The gain of the 
antenna was measured in the anechoic chamber by the comparison technique using the standard 
gain double-ridged waveguide horn antenna. The antenna measured a realised gain of 0.2 dBi at 
1.49 GHz. Again, as discussed in Chapter 3, about 2-3 dB difference in gains is usually noticed 
throughout all radiation pattern measurements which might be due a systematic error from the setup. 
Also, the loss tangent of the PDMS is inconsistently reported in the literature as discussed in chapter 
2. Also, the finite ground plane size would degrade the maximum realised gain by several dBs [300]. 
This may lead to an error in the simulated value. The measured cross-polar components at both E 
and H-planes are higher than simulated ones. The finite ground plane size at this frequency and the 
possible asymmetry of the fabricated antenna may both contribute to the higher measured than 
simulated cross-polar values. On average, however, the measured cross-polar components are 20 
dB lower than the co-polar components. 
 
 
Figure 4-30: Simulated and measured E-plane (left) and H-plane (right) radiation patterns of the 
fully filled (AntL = 57.1 mm) serpentine channel liquid metal antenna. 
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The antenna frequency response is measured again after eight months of the initial measurement. 
The antenna has been stored at room temperature condition. The response of both measurements 
show consistency as shown in Figure 4-31. The second measurement has a resonance of 1.47 GHz. 
This is just 1.3% off from the initial measurement (1.49 GHz). Although the antenna is stored at 
room temperature, it is expected to have a stable RF performance over much lower and higher range 
of temperatures. This is mainly as the cured PDMS has an operating temperature range of -45 °C to 
200 °C [112] but it is still thermally stable up to 300 °C [113]. Hence, the microfluidic channel 
holds its shape and form up to such high temperature. The liquid metal used throughout this 
research, i.e. the EGaIn liquid metal, itself has a melting point of 15.7 °C [97]. A much lower 
melting point of -19 °C and boiling point of greater than 1300 °C are reported for Galinstan [98] 
which also could be used. These values indicate the suitability of the liquid metal over a wide 
operating temperature range. A study on the effect of temperature on a waveguide incorporating 
liquid metal (EGaIn) switches indicates a stable performance over the measured temperature range 
from 24.8 °C to 67.6 °C [223].  
So far, little is known about the behaviour of the dielectric properties of cured PDMS over 
temperature. However, an increase in loss tangent is observed over temperature on other polymeric 
materials [301] suggesting that PDMS might behave in a similar manner. The relative permittivity 
shows a better stability over temperature for investigated polymer materials in [301].  
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Figure 4-31: Measured reflection coefficient of fully filled serpentine channel liquid metal antenna 
(AntL = 57.1 mm) over time. 
 
Although, from a rheological perspective this is the simplest case, some challenges were 
experienced. The liquid flowed smoothly through the serpentine channel. Figure 4-32 shows 
microscopic images during manual filling. The first image, Figure 4-32 (top-left), shows a segment 
of the channel before filling. Going from left to right of Figure 4-32 (top) and (middle), the liquid 
metal can be seen flowing within the serpentine channel. Then as the pressure increases the liquid 
metal flowed between the posts. However, further inspection at different channel segments, 
Figure 4-32 (bottom), indicated inter-post gaps that had not been bridged. This behaviour was more 
dominant in the segments further away from the liquid inlet port. This is clearly understood as it 
was a result of a higher channel resistance as the length of the liquid metal increased. 
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Figure 4-32: Microscopic images showing flow of liquid metal within serpentine channel and between 
posts; scale bar (thick white line) equals to 0.5 mm. 
 
To repeat the liquid metal injection experiments, the channel had to be cleaned by HCl to remove 
the liquid metal. Figure 4-33 shows snapshots of a channel segment during cleaning process. The 
snapshot on the left shows a slug of liquid metal within the channel segment. The snapshots progress 
from left to right showing removal of the liquid metal as HCl injected into the channel using the 
syringe pump. Then the channel is dried at 130°C to evaporate HCl completely. 
Increasing the applied pressure to drive the liquid metal between the posts throughout the channel, 
is mainly limited by the microfluidic channel layout and dimensions. A delamination of the 
microfluidic channel was observed in one of the experiments. Figure 4-34 shows magnified images 
using the digital microscope at two different locations for the same experiment. The posts can be 
seen clearly on the left image with uniform liquid metal flow all around. However, signs of 
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delamination on the image on the right may be concluded as the liquid metal appears to be flowed 
over the posts. Similarly, during a liquid metal removal process using HCl in one of the experiments, 
a delamination happened. Similar observations have been reported in the literature [134, 302, 303]. 
 
Figure 4-33: Microscopic images of a segment of the serpentine channel showing removing of liquid 
metal using HCl.  
 
 
Figure 4-34: Images under digital microscope showing sign of delamination in one of the experiment 
of serpentine channel liquid metal antenna.  
 
As stated earlier, the optimisation of the microfluidic channel structure should be further 
investigated. That is to say the surface tension between the liquid and the channel wall, given by 
(2-9), and the channel flow resistance, given by, (2-12). Furthermore, the need for a carrier liquid 
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adds additional fluid dynamic complexity. Mainly the width of the serpentine channel and the inter-
post gap could be both used to optimise the pressure required to control the liquid flow while not 
causing damage to the structure.  
A further experimental study is needed as (2-14) is only valid on the assumption of a linear viscosity 
which is not the case for gallium liquid metal alloy. Figure 4-35 shows a proposed prototype to 
study pressure and flow rate versus inter-post gap variation. The prototype has three isolated 
serpentine channels. The channels differ in the inter-post gap. Three gap values, 50 m, 100 m 
and 200 m, are selected. These gap values correspond to a pressure of 3 times, 2 times and 1.5 
times the required pressure to drive the liquid through the serpentine channel, respectively. 
Although the prototype was submitted for fabrication, it has not been received yet at the time of 
writing to carry on the experiments. However, currently a further collaborative research of the 
gallium liquid metal alloy flow behaviour within such channels is undergoing [304]. As of main 
concern of this research, a new microfluidic structure design to achieve continuous frequency 
tunability is developed to overcome the limitations discussed above. The developed design, multi-
slot microfluidic channel design, is presented in the next section. 
 
 
Figure 4-35: Mechanical drawing of proposed prototype with different inter-post gap dimensions 
[305]. 
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Chapter 4: Continuously Tunable Frequency Reconfigurable Liquid Metal Patch 
Antenna 
 
157 
 
4.3.2 Multi-slot Microfluidic Channel Design 
4.3.2.1 Antenna Geometry and Analysis 
In order to address some practical reasons, discussed in the results section of the serpentine channel 
design, a second microfluidic channel design is proposed. The main idea of redesigning is to 
simplify the microfluidic structure while maintaining the desirable frequency reconfigurability.  
Having solid walls instead of the posts appears to be an attractive solution. From microfluidic 
perspective would be easier to fabricate and eliminate the need for higher pressure to cause the 
liquid metal to flow between the posts. However, from RF perspective, the structure becomes 
polarisation selective as the walls are perpendicular to the excitation electric field of the coupling 
aperture. To verify this point, a sheet of conductor having the same layout as that of the under test 
microfluidic structure layouts, i.e. posts or walls, is illuminated by a plane wave. Both vertical and 
horizontal polarisations of the plane wave are checked. The simulation setup is shown in 
Figure 4-36 (top). The layout of the conductive sheet is presented in Figure 4-36 (bottom) for both 
posts and walls layouts. It is to be noted that vertical (VP) and horizontal (HP) polarisation is meant 
when the electric field of the propagating plane wave is along the y-axis and x-axis, respectively. 
The frequency response of both layouts are shown in Figure 4-37. The posts layout behaves as 
reflector for both polarisations while the walls layout behaves as such for the vertical polarisation 
only. The walls layout appears to be like RF transparent for the horizontal polarisation at this 
frequency band. This basically can be explained as the slot formed by the walls make the structure 
look like a waveguide. Therefore, at the horizontal polarisation the broad wall of the waveguide is 
along the y-axis and based on its length have a cutoff frequency at 3.3 GHz causing the wave to 
propagate through the structure. On the other side, the vertically polarised propagating wave has a 
much higher cutoff frequency as the broad wall of the waveguide, i.e. along x-axis, is much shorter.      
Rotating the walls layout to be in parallel with the excitation electric field would only enable width 
reconfiguration which is not the intention here. Also higher order transverse modes are generated 
below the fundamental mode as their current paths are elongated by the meander channel. The 
frequency response of these layouts along with a solid patch as a reference, for AntL = 39.6 mm as 
an example, is shown in Figure 4-38. All antenna layouts have the same dominant mode resonating 
at 2.12 GHz apart from the perpendicular walls which has no resonance as discussed above.   
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Figure 4-36: Simulation setup (top) showing antenna layout under test (top-left) illuminated by a 
plane wave (top-right); antenna under test posts (bottom-left) and walls  (bottom-right) layouts. 
 
 
 
Figure 4-37: Simulated frequency response of illuminated antenna layouts shown in  
Figure 4-36. 
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A parallel walls layout without vertical connection between channels would almost totally suppress 
unwanted transverse modes which would only then have a chance of propagation by coupling 
between the channels. The concept of evolving the proposed multi-slot channels design from a solid 
patch antenna is demonstrated. Figure 4-39 (left) shows a solid patch antenna, a patch with two slot 
pairs, Figure 4-39 (middle), and a patch with  four slot pairs, Figure 4-39 (right) as examples toward 
the evolvement of the multi-slot design. As the slots are introduced longitudinally with respect to 
the excitation mode, they have no effect of the dominant resonant frequency as shown in 
Figure 4-40. The introduction of the slot pairs, however, forced the current to flow around the slots. 
This is effectively increased the current path and can be modelled as an added series inductance 
[306-309]. This means by adding a pair of slots, another resonance is introduced. The response of 
both slot loaded configurations shown in Figure 4-39, is presented in Figure 4-40 when AntL = 38 
mm. The two slot pairs introduced a second resonance whereas the four slot pairs introduced three 
resonances. 
 
 
Figure 4-38: Simulated reflection coefficient of different antenna microfluidic channel layouts. 
 
 
∥
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Figure 4-39: Examples of some configurations of multi-slot deign evolving from solid patch (left), two 
slot pairs (middle) and four slot pairs (right).  
 
 
Figure 4-40: Simulated reflection coefficient showing effect of introduced slots on sold patch 
frequency response. 
 
The two slot pairs configuration, Figure 4-39 (middle), is used for further discussion. The current 
distribution at the first resonance, Figure 4-41 (top-left), shows a typical first longitudinal mode 
(TM10) distribution. It resonates at 2.21 GHz which is around 𝜆𝑔 2⁄ . The 3D radiation pattern 
(realised gain) and E-field distribution along the non-radiating edge show typical properties of TM10 
mode. The second resonance occurs at 2.58 GHz where the current flows longitudinally however 
with two different distinctions than the first resonance. That is a stronger current flows on the 
formed slots at the middle of the antenna and the current flows around the slot edges rather than all 
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the way to the opposite radiating edge as can be seen in Figure 4-41 (top-right). This makes the 
effective antenna length corresponds to around 𝜆𝑔 4⁄  at this resonance. Similar behaviour is 
observed when only a pair of slots is introduced on one side of the antenna. Both the 3D radiation 
pattern and the E-field distribution confirm it is a TM10 mode. Figure 4-41 (bottom-left) and 
(bottom-right) show the higher propagating modes of TM12 and TM30, respectively. 
 
 
Figure 4-41: Surface current, 3D radiation pattern (realised gain) and E-field  distribution along non-
radiating edge for two slot pairs of Figure 4-39 (middle) at 2.21 GHz (top-left), 2.58 GHz (top-right), 
5.19 GHz (bottom-left) and 6.15 GHz (bottom-right). 
 
These introduced resonances can be controlled by the slot length, width and location. This is useful, 
for example, to achieve a wide bandwidth design by closely locating these resonances. However, 
this is not the intended use of the slots in the proposed design. The slots are mainly introduced to 
facilitate liquid flow and simplify the microfluidic channel design. Therefore, their effect would be 
minimised by making their lengths and/or spacing electrically much shorter than the wavelength 
(≪ 𝜆0). Based on that a multi-slot design is proposed where the spacing between the slots and their 
width are such not to affect the RF performance of the antenna and in the same time reduce the 
number of channels required.  
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The evolved multi-slot design from RF perspective is shown in Figure 4-42(left). Now it is 
necessary to consider the microfluidic requirements. To eliminate the need for a carrier liquid and 
to speed up reconfiguration time, injecting the liquid from the centre of the antenna would be 
logical. Having a single inlet that is designed to allow liquid to branch equally through each channel 
is possible by carefully optimising a distribution manifold [131, 133]. However, this is beyond the 
scope and expertise of the proposed work. Instead two 0.1 mm-wide vertical walls, along the yz-
plane, are introduced as shown in Figure 4-42 (right) to have isolated channels to facilitate the liquid 
injection in a relatively simpler way. It would be ideal to have an electrical contact between each 
horizontal channel and the vertical channel by having, for example, a Laplace barrier between them. 
However as this might introduce some liquid flow uncertainty, only a 0.5 mm-wide gap is created 
to connect the central channel to the top and bottom-most horizontal channels as shown in 
Figure 4-42 (inset). The central vertical channel, along the yz-plane, also enables better 
reconfiguration speed as the required liquid metal volume to resonate at the highest resonant 
frequency has to be injected once. As can be seen compared to the serpentine channel deign, the 
microfluidic channel structure is much simplified here. The channels are straight and isolated from 
each other by solid PDMS walls forming the multi-slot structure. The liquid metal could be 
conceptually injected/withdrawn at the centre of the structure via a tubing manifold. An outlet is 
located at each end of the channels. 
However, the addition of the two vertical walls add a capacitive reactance to the antenna. This added 
capacitance appears in series with the patch capacitance resulting in a smaller overall capacitance. 
As a result this causes the antenna input impedance to decrease which is in other words causes the 
resonant frequency to increase. 
 
Figure 4-42: Evolved multi-slot design (left) and final design (right) with details of microfluidic 
channel layout (inset). 
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A prospective view of the antenna is shown in Figure 4-43 along with a transparent view of the 
microfluidic structure showing inlet/outlet blocks and channel layouts. The final antenna 
dimensions are listed in Table 4-3. The channel width (wC) is increased to 2 mm, the microfluidic 
channel cavity width (wR) is reduced to 42 mm and the channels are separated by a 2 mm-wide 
PDMS wall. These modified dimensions result in a lower number of channels and hence less 
inlet/outlet pairs. To keep the microfluidic channel within the recommended microfabrication 
aspect ratio, see (2-3), the height of the channel (hC) is increased to 0.2 mm. The thickness of the 
PDMS above the channel (0.5 mm) and the overall height (1.6 mm) of the microfluidic channel 
substrate (hM) are kept the same as of the serpentine channel design. This results in the channel 
being 0.9 mm above the antenna substrate to compensate for the 0.1 mm increase in the channel 
height (hC). All other remaining dimensions are as of the serpentine microfluidic channel design. 
The inlet/outlet block is 50 mm x 10 mm x 5 mm (l x w x h) and inner layout and dimensions are as 
of Figure 4-18. 
 
 
Figure 4-43: A prospective view of multi-slot antenna (left) and a transparent view showing details of 
the microfluidic structure (right). 
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Table 4-3: Sub-6 GHz band multi-slot microfluidic channel frequency reconfigurable antenna 
dimensions summary. 
Dimension Value (mm) Description Dimension Value (mm) Description 
AntL 2.0 to 57.1 
Liquid metal patch 
variable length. 
lR 57.1 
Microfluidic channels 
cavity length. 
hA 0.8 
Antenna substrate 
thickness. 
lS 10 Open-circuit stub length. 
hM 1.6 
Microfluidic channel 
substrate thickness. 
w 78 
Width of the ground 
plane and both 
substrates. 
hF 0.635 Feed substrate thickness. wA 1.6 Aperture width. 
hC 0.2 
Microfluidic channel 
height, PDMS post 
height. 
wC 2 
Microfluidic channel 
width. 
L 100 
Length of the ground 
plane and both 
substrates. 
wF 0.9 Feed line width. 
lA 16 Aperture length. wR 42 
Microfluidic channel 
cavity width. 
 
4.3.2.2 Fabrication and Antenna Assembly   
The microfluidic channel is fabricated using a soft lithography technique via a replica master which 
is created using photolithograph technology [292]. The fabricated structure is shown in Figure 4-44 
(left) along with magnified view showing structure details. Figure 4-44 (top-right) shows the 0.1 
mm-wide vertical wall (mark 1), 0.5 mm-wide gap (mark 2) connecting the central channel with 
top and bottom-most horizontal channels, the 0.5 mm-diameter inner-inlet (mark 3) and the 1.5 
mm-diameter inlet (mark 4). The 2 mm-wide central channel (mark 1) and 2-mm wide horizontal 
PDMS walls (mark 2 and 3) are shown in Figure 4-44 (bottom-right). 
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Figure 4-44: Fabricated multi-slot microfluidic structure (left), and magnified view showing top-most 
inlet with 0.5 mm-wide gap (top-right) and central channel (bottom-right). 
 
The antenna and feed substrates were fabricated using chemical etching. The microfluidic channel 
structure was cleaned and spun coated in preparation for the bonding procedure. The base unit and 
aligner tool of Figure 4-21 were used to bond the microfluidic channel structure to the antenna 
substrate. The whole structure was then cured after the bonding PDMS layer spun coated on the 
antenna substrate. Details of the fabrication and assembly are as presented in section 4.3.1.2. The 
fabricated and assembled multi-slot antenna is shown Figure 4-45. 
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Figure 4-45: Fabricated and assembled multi-slot microfluidic channel antenna. 
 
4.3.2.3 Simulation and Measurement Results Discussion 
The multi-slot antenna is modelled in CST and its RF performance is evaluated prior to fabrication. 
The antenna frequency response when AntL is varied from 8 mm to 57.1 mm is shown in 
Figure 4-46. The antenna is capable to tune its resonance in a continuous manner from 2.64 GHz to 
5.90 GHz for S11 ≤ -10 dB. A tuning range, using (2-1), of 76% (3.26 GHz) and total usable 
spectrum, using (2-2), of 78% (3.35 GHz) are achieved. Although the capacitive effect of the two 
vertical walls degrades the tuning rage of the antenna, it is still among the highest reported 
continuously tuned patch antennas, see Appendix D, as discussed later. The frequency bandwidth 
ranges from 3% at 2.64 GHz to 6.7% at 4.94 GHz.  
The radiation patterns are generally consistent with AntL variation. Polar plots of three antenna 
lengths, as examples, are shown in Figure 4-47. At AntL = 8 mm (fr = 5.90 GHz) the antenna has a 
realised gain of 4.7 dBi. The realised gain becomes 6.0 dBi when the AntL = 28 mm (fr = 4.41 GHz). 
At the longest length, i.e. AntL = 57.1 mm (fr = 2.64 GHz) the antenna reports a realised gain of 5.4 
dBi. The aperture contributes to the backlobe at both E-plane (ϕ = 0°) and H-plane (ϕ = 90°) when 
AntL = 8 mm more than the other plotted values as the aperture is near resonance at this frequency.   
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Figure 4-46: Simulated reflection coefficient of multi-slot liquid metal antenna when AntL is varied. 
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Figure 4-47: Simulated E-plane (left) and H-plane (right) radiation patterns (realised gain) of multi-
slot liquid metal antenna for three different AntL. 
 
The radiation and total efficiency are depicted in Figure 4-48. The maximum attainable radiation 
efficiency of 80% and total efficiency of 79% occur when AntL is 14 mm (fr = 5.58 GHz). When the 
AntL is 57.1 mm (fr = 2.64 GHz), the antenna has its minimum radiation and total efficiency of 59%. 
The total efficiency shows similar values to the radiation efficiency over the tuning range (S11 ≤ -
10 dB) as the antenna is well matched. The efficiency could be improved by pocketing the 2 mm-
wide PDMS strips separating the microfluidic channels as demonstrated in Figure 4-16. However 
mechanical robustness is to be considered especially during pressure application to drive the liquid 
metal.  
Figure 4-49 shows the directivity and realised gain over the frequency tuning range. A maximum 
directivity and realised gain of 7.7 dBi and 6.5 dBi is attained when AntL is 22 mm (fr = 4.94 GHz), 
respectively. A 6 dBi is reported as the minimum directivity and 4.7 dBi as the minimum realised 
gain at AntL = 8 mm (fr = 5.90 GHz). When the AntL is 57.1 mm (fr = 2.64 GHz), the antenna has a 
directivity and realised gain of 7.8 dBi and 5.4 dBi, respectively. The variation in the simulated 
directivity and realised gain is around 1 dB in most cases with maximum variation of about 1.8 dB.
  
Chapter 4: Continuously Tunable Frequency Reconfigurable Liquid Metal Patch 
Antenna 
 
169 
 
 
Figure 4-48: Simulated radiation and total efficiency of multi-slot liquid metal antenna over 
frequency. 
 
 
 
Figure 4-49: Simulated directivity and realised gain of multi-slot liquid metal antenna over 
frequency. 
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The same setup as shown in Figure 4-27 is used to fill and inspect the multi-slot antenna. Possible 
pressure driven techniques to control the liquid metal volume within the channels are using the 
syringe pump, a micropipette or a manual syringe. Among those three available options the syringe 
pump appears to be a reliable choice for repeatability and being human-error free. According to the 
manual of the syringe pump [298], the minimum flow rate that can be programmed is 4.748 μL/h 
for a 5 mL syringe which is equivalent to about 0.08 μL/min. Moreover, the syringe pump provides 
an option to specify either the required volume to dispense or to pump continuously.  
However, as the liquid metal viscosity is nonlinear, the required pump settings to accurately control 
the liquid movement within the channel might not be straight forward. Hence a liquid metal slug 
movement within a 0.5 mm-ID PTFE tube is studied first to have an impression of reasonable 
syringe pump settings to start with. Before loading the syringe with liquid metal, it is wetted with 
HCl. Remaining traces of HCl into the syringe barrel remove oxide layer formed on the stored liquid 
metal.   
The tube is connected to the 5 mL syringe via female Luer lock to 1/4″ - 28 thread adapter, 1/16″ 
flangeless ferrule, and 1/16″-OD to 1/4″ - 28 thread head end fittings. During the syringe loading 
on the pump, liquid metal starts to flow into the tube as the plate of the pump pusher block [298] is 
tightened against the syringe plunger flange. This has to be considered before connecting the tube 
to the device later. Figure 4-50 (top-left) shows the pre-treated liquid metal, mark 1, within the 0.5 
mm-ID PTFE tube, mark 2. The location of the liquid metal is measured as shown in Figure 4-50 
(top-right) before and then after switching ON the pump.  
The tube cross-sectional area is about 0.2 mm2 which means a volume of 1 μL should result linearly 
in a movement of 5 mm. The pump was set to 3 μL/min with a 1 μL liquid volume to be dispensed. 
This resulted in a movement of 0.43 mm (~0.09 μL). Dispensing again the same volume resulted in 
0.57 mm (~0.11 μL) movement.  These movements represent an error of >88%. Increasing the flow 
rate this time to 5 μL/min while keeping the same dispensing volume setting resulted in 1.2 mm 
(~0.24 μL) slug movement and 76% error. Although the dispensed volume setting was kept constant 
in all the three cases, the actual dispensed volumes were different. These differences may be related 
to the fluid dynamics of this non-Newtonian liquid metal as discussed in section 2.3.  
It is also observed that when the pump switches OFF, liquid metal keeps moving, see Figure 4-50 
(bottom) as an example, until the pressure inside the channel reaches equilibrium with the pressure 
outside, 𝑃in − 𝑃out = 0 (2-14). The extend of this unwanted movement, assuming constant cross-
sectional average flow velocity (𝑣𝑙), depends mainly in this scenario on how much volume of liquid 
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metal filling the tube (𝐿𝑙) as other parameters are fixed. Based on that, it was observed the unwanted 
movement was much longer than intended when the tube is empty or has little liquid metal volume.      
As the liquid metal volume started to increase within the tube, no liquid movement was observed 
for the above flow rates as there was not enough pressure to overcome both the fluidic resistance 
(𝑅𝑙) and the accumulated liquid surface tension (𝑃Laplace). In other words, higher pressure was 
needed to satisfy (2-14) in order to cause the liquid metal to flow. In this tube experiment, for 
example, a flow rate up to 9 μL/min was needed to pressurise the system continuously to cause the 
liquid to flush with the open-end of this 15 cm-long tube. 
 
 
Figure 4-50.  Liquid metal flow rate/movement measurement within a 0.5 mm-ID PTFE tube.  
 
Similarly, a flow rate and dispensing volume calibration were done for the multi-slot microfluidic 
device shown in Figure 4-51 (left) being under the microscope. The tube was connected to the inlet 
of the central microfluidic channel as can be seen under the microscope in Figure 4-51 (middle). 
The microfluidic channel has a cross-sectional area of 0.4 mm2. The syringe pump was set initially 
to 3 μL/min flow rate with a 1 μL volume to be dispensed. No movement of liquid metal was 
observed. The flow rate is increased gradually up to 15 μL/min while keeping the dispensed volume 
constant at 1 μL but again no signs of liquid movement. This might attribute to the pressure not 
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having enough time to build up to overcome both 𝑅𝑙 and 𝑃Laplace as it is being controlled by the 
dispensing volume setting.  
The volume control was then set to OFF state which means the liquid metal is pumped continuously 
at the specified flow rate. Setting the flow rate back to 9 μL/min resulted in an abrupt liquid metal 
flow, shown in Figure 4-51 (right). The pump is switched OFF at that instant. This happened after 
about 140 s of continuous dispensing with displayed dispensed volume of about 36 μL. The liquid 
metal filled about 20 mm (0.22𝜆𝑔−2 𝐺𝐻𝑧 −  0.65𝜆𝑔−6 𝐺𝐻𝑧) of the channel which is almost half of 
the channel length (wR = 42 mm). Liquid metal kept flowing slowly until the device reaches pressure 
equilibrium after about 5 s. This unwanted movement resulted in a 4 mm length extension 
(0.04𝜆𝑔−2 𝐺𝐻𝑧 −  0.13𝜆𝑔−6 𝐺𝐻𝑧).    
 
 
Figure 4-51.  Multi-slot microfluidic structure connected to the syringe pump (left), inlet-side of the 
central channel before liquid metal injection (middle) and liquid metal head after liquid metal flow 
(right). 
 
As these movements are much higher than what is targeted, the flow rate is to be decreased in order 
to achieve a better movement accuracy. Now the flow rate was decreased to 3 μL/min, on a 
continuous pumping mode, but no liquid movement was observed. Actually at displayed dispensed 
volume of 27 μL, the liquid started to flow through the 0.5 mm-wide gap interconnecting both 
channels, Figure 4-52 (up-left), and then out through the adjacent channel inlet/outlet, Figure 4-52 
(up-right). This is simply as this empty path is less resistance, hence less pressure, than the pre-
loaded central channel path. As the other channels do not have interconnection gaps like the central 
channel, this issue should not happen there. Therefore, the tube was connected to the inlet of one of 
the horizontal channels to calibrate the syringe pump settings and liquid metal movement as above. 
During tube removal from the central channel inlet, the liquid metal retracted from the central 
channel and left residues as seen in Figure 4-52 (bottom) due to the inlet pressure being dropped to 
the atmospheric pressure.  
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Figure 4-52.  Liquid metal behaviour when the pressure on the syringe plunger flange is released. 
 
The flow rate was set to 3 μL/min and the dispensed volume to continuous mode where the liquid 
metal was made sure to be flushed with tube end before connection. At displayed dispensed volume 
of about 5 μL, abrupt movement of liquid metal was observed and the pump was switched OFF at 
that moment. The liquid metal stopped at about 0.8 mm away from the outlet block, shown in 
Figure 4-53 (top-left), filling about 21 mm (0.23𝜆𝑔−2 𝐺𝐻𝑧 −  0.69𝜆𝑔−6 𝐺𝐻𝑧) of the channel. As 
observed earlier liquid metal kept moving slowly as shown in Figure 4-53 (top-middle) and (top-
right) until pressure reached equilibrium (𝑃in − 𝑃out = 0). This resulted in an additional movement 
of about 1.2 mm (0.01𝜆𝑔−2 𝐺𝐻𝑧 −  0.04𝜆𝑔−6 𝐺𝐻𝑧). It was also observed that the liquid metal 
additional movement was shorter in length and slower in movement than what was usually observed 
when the movement was close to the outlet block. This might be due to the additional pressure 
applied by the outlet block weight in this part of the structure. The liquid metal was now at 4.3 mm 
away from the outlet as shown in Figure 4-53 (bottom-left). Keeping the same pump settings, the 
liquid metal moved 1.3 mm (0.01𝜆𝑔−2 𝐺𝐻𝑧 −  0.04𝜆𝑔−6 𝐺𝐻𝑧) with 2.1 mm (0.02𝜆𝑔−2 𝐺𝐻𝑧 −
 0.07𝜆𝑔−6 𝐺𝐻𝑧) additional unwanted movement after switching OFF the pump as shown in 
Figure 4-53 (bottom-middle) and (bottom-right), respectively. 
The flow rate of 3 μL/min and programmed volume to be dispensed of 5 μL were chosen after 
several experiments to be studied further. However, similar fluid dynamic challenges as of the 
above discussion were experienced. A photograph of the antenna for one of these liquid flow 
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experiments is shown in Figure 4-54. It might be concluded from the observed rheological 
behaviour of the liquid metal in these experiments that microfluid dynamics plays crucial part to 
achieve an optimum control of the liquid metal flow. It is not only the details of the microfluidic 
channels but rather as a whole system considering the liquid actuation mechanism. The system 
reconfiguration in order to be practically implemented and have a precise actuation has to be a 
closed-loop system from pressure perspective.   
 
 
Figure 4-53. Liquid metal at 0.8 mm away from outlet block (top-left), movements of liquid metal 
after pump switched OFF touching outlet block (top-middle), and until pressure equilibrium is 
reached (top-right), liquid metal at 4.3 mm away from outlet (bottom-left), movement after switching 
ON the pump (bottom-middle) and when reached equilibrium (bottom-right).   
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Figure 4-54.  A photograph of the antenna showing liquid metal flow inconsistency using the syringe 
pump.  
 
Nonetheless for this proof-of-concept manual injection is to be implemented. The two available 
manual options are either using a micropipette or a syringe. The liquid metal was flushed out of the 
microfluidic device as per procedure discussed in section 4.3.1.3.  Then a manual 0.5 μL – 10 μL 
micropipette (SOCOREX ISBA S.A., ACURA® manual 800 series [310]) was used first to 
investigate liquid metal volume control. Ideally for a linear viscosity, as stated earlier, a volume of 
1 μL should result in a movement of 5 mm. Therefore, the micropipette was set to the minimum 
setting of 0.5 μL. Two points are to be initially highlighted here. First the vacuum pressure applied 
by the micropipette at these little volume settings were observed not to be enough to overcome the 
channel resistance and liquid metal surface tension in order to fill the microtip. Secondly, when the 
plunger button of the micropipette was depressed to release the liquid from the microtip, the liquid 
metal sticks to the inner wall of the microtip and made a ball-like at the microtip end.  To overcome 
the former issue, the volume setting needed to be increased in the range of few micrometres to give 
enough vacuum pressure to fill the microtip partially. The latter was overcome by wetting the 
microtip with HCl prior to liquid metal withdrawing. Although these remedies helped on having a 
sort of better liquid metal volume control, the process was not consistent and repeatable. How 
smooth/fast the plunger button was depressed for aspiration/dispensing operations, and how much 
of liquid metal was in the microtip and within the microfluidic channel all influenced the outcomes. 
Moreover, another critical factor was the physical contact force/pressure applied by the microtip on 
the channel inlet. These inconsistencies led to uneven filling as shown, for example, in Figure 4-55.    
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Figure 4-55.  A photograph of the antenna showing liquid metal flow inconsistency using the 
micropipette.   
 
A 1 mL syringe, the smallest volume available, was chosen to accomplish liquid metal filling 
manually. The relatively small volume of the syringe gave a better hand control on the syringe 
plunger as more experience has been gained from previous work. The syringe was connected to a 
0.5 mm-ID PTFE tube using appropriate fittings as described earlier. Connecting the tube to the 
inlet, instead of directly connecting the syringe, would minimise the variation of contact force 
applied on the inlet area. In other words, this would minimise effects on the liquid metal flow due 
to contact force. The syringe-tube assembly was flushed with HCl and then dried using air before 
loading the liquid metal. The tube was then inserted in a channel inlet as photographed in 
Figure 4-56.   
Considering the dimensions of the syringe, tube and microfluidic cross-sectional area, a slight, 
almost non-noticeable, applied pressure on the syringe plunger caused the liquid metal to flow. 
However as more liquid was filled the more pressure was needed to cause it to flow. Taking out the 
tube to connect to another channel caused the liquid metal to retract slightly in some cases as 
previously experienced with the syringe pump experiments. As it is a manual filling, hands pressure 
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Figure 4-56.  Photograph of syringe-tube assembly used for manual injection. 
 
on the structure during tube insertion/removing have to be avoided as it caused the liquid metal to 
move. Manual syringe injection for such task is highly affected by human error. However, as a 
relatively better experience and skills have been gained on reasonable controlling of the liquid metal 
flow using manual injection and the challenges and limitations faced by other methods, manual 
syringe filling is to be used for this task. Although in these experiments the liquid metal is only 
unidirectionaly controlled, i.e. injection only, this filling method is sufficient to demonstrate the 
antenna reconfigurability which is the scope of this thesis.      
The assembled antenna, shown in Figure 4-45, was used for RF measurements. The measurement 
was conducted as follows: 1) a little volume of the liquid metal was injected into the channels using 
the syringe-tube assembly, 2) the frequency response was measured using the network analyser 
(Rhode & Schwarz® ZVA67 [311]), 3) the liquid metal lengths within the channels were measured 
using a ruler and recorded on a taken photo of the antenna, and 4) the radiation patterns were 
measured at some selected frequencies. These steps were repeated until the antenna was fully filled. 
Figure 4-57 shows examples of the multi-slot liquid metal antenna being filled at different states. 
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Figure 4-57: Photos showing multi-slot liquid metal antenna at different antenna length (AntL) states.  
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The measured frequency response of the antenna for some cases is shown in Figure 4-58. Due to 
the method of liquid metal injection and the required accuracy at the higher frequency band, 5.5 
mm (AntL = 13 mm) was the minimum average length per channel that was achievable in these 
experiments. This would affect the highest measured resonant frequency. At the other end, the full 
channel length of 27.45 mm (AntL = 57.1 mm) was not achievable as the liquid metal started to flow 
through the outlets rather than filling the remaining 0.55 mm of the channel.  As the 0.55 mm is 
negligible with respect to the antenna wavelength at the lower tuning band, it would not have a 
noticeable effect on the lowest resonant frequency. Having stated that, the overall antenna length 
(AntL) was tuned then from 13 mm to 56 mm. This resulted in a resonance of 5.23 GHz when the 
AntL = 13 mm and 2.56 GHz when the AntL = 56 mm.   The antenna shows a good matching over 
the entire tuning band. Using (2-1) the antenna has a measured tuning range of 68% which equates 
to 2.66 GHz. The antenna measured usable range (S11 ≤ -10 dB) is from 2.52 GHz to 5.42 GHz. In 
other words, the antenna has a total usable spectrum, using (2-2), of 73% which is equivalent to 
2.90 GHz. The antenna would measure higher resonance, and hence higher TR and TS, if was 
initially filled to around AntL = 8 mm as presented in simulated results of Figure 4-46. The antenna 
measured a frequency bandwidth of 7.7% (77.13 MHz) and 3.4% (34.38 MHz) at 5.22 GHz and 
2.56 GHz resonances, respectively.  
The measured frequency response has a good agreement with the simulation results. The different 
states of the multi-slot liquid metal antenna shown in Figure 4-57 are compared with replicated 
measured cases simulated models. In addition, the ideal filling scenario, i.e. when channels are 
uniformly filled to have equal lengths, of these cases is also compared.  These results and 
discussions are provided   in Appendix A for brevity. Furthermore, sources of uncertainties in both 
simulated and measured results and hence associated errors are discussed.
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Figure 4-58: Measured frequency response of multi-slot liquid metal antenna for AntL variation from 13 mm to 56 mm.
Chapter 4: Continuously Tunable Frequency Reconfigurable Liquid Metal Patch 
Antenna 
 
181 
 
Figure 4-59 shows some examples demonstrating the capability of the antenna to be finely tuned in 
a continuous manner. As more the channels were filled with the liquid metal, as easier was it to 
control the fine tuning. The antenna showed a fine tuning of around 20 MHz at the upper frequency 
band and as fine as 2 MHz at the lower frequency band. In a pressure closed loop system, an even 
finer tuning might be achievable 
 
 
Figure 4-59: Measured frequency response of multi-slot antenna representing example of continuous 
fine tuning. 
 
The effect of handling the antenna during the frequency measurements, mounting and rotation 
involved during radiation patterns measurements on the liquid metal mechanical stability is also 
checked. Figure 4-60 shows two measurements examples at two different frequencies. The initial 
measurements after liquid metal injections are indicated by the black-coloured traces labelled as 
S11. These measurements are at 4.850 GHz and 2.771 GHz. At the 4.850 GHz case the antenna 
frequency response was re-measured after the H-plane radiation pattern measurement. Mounting 
the antenna for H-plane measurement makes the liquid metal within the channels under the 
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influence of the gravitational force. Nonetheless the antenna minima just shifted 10 MHz upwards. 
The frequency response was measured again after measuring the E-plane in this case (labelled as 
after rad). It showed 4 MHz downwards shift. In the second example shown here, i.e. at 2.771 GHz, 
the antenna was re-measured after the E-plane and then the H-plane measurements. The antenna 
showed upwards shift of 7 MHz at both cases. In all cases the overall trend of the frequency response 
remained the same. 
 
 
Figure 4-60: Measured frequency response of multi-slot antenna representing example of mechanical 
stability. 
 
Similarly, a set of measurements were conducted to study the antenna response with storing time. 
Figure 4-61 shows three examples. The antenna measured initially a resonance at 2.580 GHz, 4.068 
GHz and 4.490 GHz, respectively. The antenna was left at room conditions overnight. Then re-
measured the next day. At 2.58 GHz case, the antenna showed a 9 MHz upwards shift of its 
resonance to become at 2.589 GHz. The antenna resonated at 4.088 GHz when re-measured the 
next day for the initial 4.068 GHz case. That is a 20 MHz upwards shift. A downwards shift of 4 
MHz moved the resonance of the antenna at the 4.49 GHz case to 4.486 GHz. The general trend 
and frequency bandwidth of the antenna remained much the same in all cases.  
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Figure 4-61: Measured frequency response of multi-slot antenna representing example of response 
stability over time. 
 
Figure 4-62 shows radiation patterns of the states presented in Figure 4-57. The radiation patterns 
are almost consistent and of typical patch radiation patterns at these different filling states. The 
variations in the radiation patterns between simulation and measurement are minor. These 
variations may be caused by the asymmetry of the fabricated antenna. The antenna alignment and 
turntable accuracies may also contribute to these variations. Although the measured cross-polar 
components are higher than the simulated ones, they are, in most cases, more than 20 dB lower than 
the co-polar components. The effect of the edges of the finite ground plane on the measured 
backlobe level at the lower end of the frequency band results in a higher backlobe level compared 
to simulation. Nonetheless the backlobe level remains more than 10 dB from the peak forward value 
in all cases. This indicate that most of the input power is coupled and radiated in the desired 
direction.  
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Figure 4-62: Simulated and measured E-plane (left) and H-plane (right) radiation patterns (realised 
gain) of states presented in Figure 4-57 of multi-slot liquid metal antenna. 
 
The PDMS dielectric property values reported in the literature, as discussed in Chapter 2, have some 
variations. In the work presented here, the reported measured average value of the relative 
permittivity in [123, 124] is used. That is to say 2.67. The loss tangent given by (2-3), i.e. 0.02, at 
AntL = 13 mm
AntL = 18 mm
AntL = 27 mm
AntL = 23 mm
AntL = 29 mm
AntL = 36 mm
AntL = 42 mm
AntL = 50 mm
AntL = 45 mm
AntL = 56 mm
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the frequency band of interest is considered. In addition, another loss tangent value within reported 
loss tangent range [123, 124], namely 0.04, is used for comparison. These two simulation models 
are compared with the measured results. The ideal uniformly filled simulation model is also 
compared with measurement where the PDMS is defined as of nominal considered dielectric 
property values. 
The simulated and measured realised gains are shown in Figure 4-63 where replicated measured 
simulated case is abbreviated as RMC for shortness. The replicated measured simulated case attains 
its maxima of 6.5 dBi at 5.13 GHz whereas its minima of 3.0 dB occurs at 4.74 GHz. The simulated 
realised gain is generally around 5.5 dBi which is in reasonable agreement with conventional 
microstrip patch antenna [125, 265]. The measurement shows a maximum realised gain of 5.6 dBi 
at 5.23 GHz. Although the measured gain remains around 3 dBi on most cases, it drops 
unexpectedly at the lower end of the frequency band reaching a minima of -1.0 dBi at 2.58 GHz. 
This drop in the realised gain had been further investigated. As a result of the mechanical stress on 
the substrates during liquid metal manual injection, a bent and an air gap had formed between the 
feed and antenna substrates. These deformations were verified by simulations and appear to cause 
the realised gain drop. Therefore, the bent and air gap were mechanically rectified. Then, the 
realised gain at 2.58 GHz was remeasured resulting in a 3.3 dBi realised gain. This is a 4.3 dB 
increase compared to the initial measurement.   
It has been noticed using the same measurement setup that the measured realised gain is up to 2-3 
dB lower than simulated results [261-263]. Also, the assumed parameters of dielectric losses within 
the simulation models might not reflect the actual values. More specifically the loss tangent of the 
PDMS, which as stated earlier has a wide variation in the literature reported values, could be the 
main source on uncertainties in presented results.  
On the microfluidic side, the non-uniform filling of the channels would affect the current 
distribution and hence the realised gain. In particular, as the current is maximum at the centre of the 
patch, the central vertical microfluidic channel has a noticeable effect on the RF performance. For 
example, at AntL = 23 mm the simulation of the replicated measured case results in a realised gain 
of 3.0 dBi whereas assuming all the channels are uniformly filled the realised gain increases up to 
6.5 dBi. Updating the simulation model of the replicated measured case by fully filling the vertical 
central channel only results in a realised gain of 6.1 dBi. This obtained value is very close to the 
ideal case and therefore indicates the significance of the filling of the vertical central channel. This 
explains, for this example, the drop in the simulated realised gain at 4.74 GHz in Figure 4-63. 
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Another point to be noticed is the relatively larger size (~ 10 dB) of the measured backlobe at the 
lower frequency band when compared to simulated patterns. This might be attributed to the 
measurement cables [312, 313] and finite ground plane size [314-319] at the lower frequency band. 
For example, the ground plane size is just 0.77𝜆0 × 0.67𝜆0 at 𝑓𝑟 = 2.58 GHz. It was indicated in 
[312] that measurement cable length and layout could increase the cross-polarised component over 
the 3D measured radiation pattern from around 2 to 15 times depending on the device under test 
and frequency of operation. Similarly, the effect of the finite ground plane were shown to cause 
variation in the gain from few [314, 317] to several decibels [318, 319]. All of these may contribute 
to the observed discrepancy in the comparison of simulated and measured realised gains. This is as 
well affect the forward gain and may hence cause the realised gain to drop at these frequencies. 
The comparison with ideal filling and replicated measured case assuming loss tangent of 0.04 are 
also studied. The simulated loss tangent of 0.04 cases have a better agreement with the measured 
realised gains. These results and further discussion of simulation and measurement uncertainties 
and resulting errors are presented in Appendix A for brevity.    
 
 
Figure 4-63: Simulated and measured realised gain of multi-slot liquid metal frequency 
reconfigurable antenna. 
 
RMC-tan𝛿 = 0.02
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Figure 4-64 shows the total efficiency obtained from the replicated measured simulated model of 
loss tangent of 0.02 along with the estimated total efficiency. The estimated total efficiency is 
calculated based on the assumption that it equals to radiation efficiency as the antenna is well 
matched. In addition, the directivity of the antenna, theoretically speaking, is not affected by 
associated losses and hence should be the same for both simulated and measured cases. Therefore, 
using the simulated directivity and measured realised gain, the measured total efficiency could be 
estimated. The simulated total efficiency is generally around 65%. However, it drops by around 
10% at some cases. The minimum simulated total efficiency occurs at 4.74 GHz where it drops to 
53%. The estimated measured total efficiency, based on the simulated directivity, has a maxima of 
62% at 5.23 GHz. A value of 36% is estimated as a minima at 2.58 GHz. As the antenna is well 
matched, the total efficiency can be assumed mainly to be due to the radiation losses. That is, 
referring to (2-6), basically representing conductor and dielectric losses. This might support the 
argument explaining the discrepancy between simulated and measured realised gain could be 
mainly due to the less accurate dielectric property modelling used in the simulation. Further 
discussion is provided in Appendix A. 
 
 
Figure 4-64: Simulated and estimated measured total efficiency of multi-slot liquid metal antenna. 
 
RMC-tan𝛿 = 0.02
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Going back to Figure 4-57, fluid dynamic challenges discussed earlier can be clearly seen. 
Figure 4-65 highlights these experienced challenges during some experiments. A microscopic 
image shown in Figure 4-65 (top-left) indicate liquid metal flowed over the 0.1 mm-wide vertical-
wall (mark 3) as a result of debonding between the central channel (mark 1) and a side channel 
(mark 2). A well bonded side at another location for the same device is shown in Figure 4-65 (top-
right) for comparison.  
On another experienced challenge, a microscopic image, shown in Figure 4-65 (bottom-left), shows 
isolated two liquid metal slugs. This happened when the input pressure 𝑃𝑖𝑛 dropped as a result of 
the tube removal from the respective inlet. However that pressure drop appeared to be only high 
enough to cause part of the liquid metal to retract rather than the entire 𝑙𝑙, see (2-11), of the liquid. 
In order to re-join the two slugs together, the pressure difference has to satisfy (2-14). That is to 
overcome the surface tension formed by liquid-air-liquid interface and the associated fluidic 
resistance. However, to avoid the uncertainty of how much pressure is applied, given the used 
manual technique of liquid metal actuation, which might result in a debonding, no more liquid was 
injected. This caused uneven filling which can be seen at the top-most right-side channel of 
Figure 4-57 for some states.       
Another experienced challenge was the void formations indicated by yellow marks on Figure 4-65 
(bottom-right). These happened mostly closer to the inlet ports. This might suggest that due to the 
flow of the liquid metal being abrupt and as these locations are close to the input pressure points, 
air might not have had enough time to be absorbed by the PDMS. Hence the liquid metal, as a result 
of the applied pressure, flowed around these trapped air spots. Then when the pressure is at 
equilibrium, the skin layer formed around these spots creating voids.   
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Figure 4-65: Microscopic image indicates debonding at one of the channels (top-left) and bonded side 
for comparison at another location for the same device (bottom-right), microscopic image shows 
isolated liquid metal slugs (bottom-left), and voids examples (bottom-right). 
 
Although these experienced fluid dynamic challenges made repeating the same filling states not a 
straight forward, the antenna indicates repeatable results within good resonance agreement. 
Figure 4-66 shows comparison of some filling states examples of two sets of conducted 
experiments. The frequency response of these states, shown in Figure 4-67, indicates some 
differences. These differences attributed to the uneven filling of the channels resulting in different 
current paths generating multiple resonances in some cases. When the antenna is almost uniformly 
filled, both measurements are in very good agreement. AntL of 20 mm and 32 mm are examples of 
such cases. In general, the two sets of experiments clearly show a reasonable agreement of the 
resonant frequency. Figure 4-68 compares the resonances of the evenly-filled simulated cases of 
Figure 4-46, simulated cases of the measured Set II, measured Set I and measured Set II verses the 
average antenna length (AntL). The plots show reasonable agreement between the cases. The 
resonances of the evenly-filled simulated cases at the higher end of the frequency band have higher 
values than the other three unevenly-filled cases. This might be due to having longer lengths at the 
unevenly-filled channels resulting in a longer effective antenna length which shifted the frequency 
downwards. The good agreement between the simulated Set II and measured Set I and Set II would 
also support this explanation.     
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Figure 4-66: Photos of multi-slot antenna comparing two measurement experiments at different 
antenna length (AntL) states. 
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Figure 4-67: Measured frequency response of multi-slot antenna comparing two sets of experiments 
shown in Figure 4-66.  
 
Figure 4-68: Comparison of simulated and measured resonances of multi-slot liquid metal antenna. 
 
AntL = 13 mm AntL = 20 mm
AntL = 32 mm AntL = 44 mm
AntL = 56 mm
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The performance of the multi-slot antenna is compared with that of published designs, from the 
literature, for frequency reconfigurable patch antennas. The main performance parameters 
considered include frequency range, tuning range, realised gain, and total efficiency. Table 4-4 
compares patch antennas incorporating different frequency tuning methods.  It covers both discrete 
and continuous frequency tuning. Inspection of the table reveals that the tunability range of the 
proposed design is amongst the highest in the literature. Similarly, the other RF performance 
parameters of the multi-slot antenna are comparable, if not higher than most, to that of other designs.  
It is noted that [29] achieved a higher tuning range when ferrite is used as a tunable material. The 
advantage of this work over ferrite, however, is its invariant radiation pattern. The usable radiation 
pattern of ferrite based antennas is limited to much less tuning range [29, 30] and ferrite changes 
polarisation unwantedly. Also, it suffers from strong multiple resonances near the frequency of 
tuning [29]. In addition, ferrite requires higher DC power consumption [1] and has a relatively high 
RF losses [169].  
Appendix D summarises and compares other frequency reconfigurable published work. Table D-1 
comparisons are based on continuous tunability. Table D-2 is more comprehensive. It includes other 
cases such as the discrete frequency tuning of a patch element. Comparing the continuous tunable 
antennas listed in Table D-1 for different antenna element types indicates the tuning range of this 
work is comparable for liquid metal tuning method while it excels other techniques. Similarly, the 
realised gain and total efficiency excel most cases. 
Besides different operating parameters and targeted applications between monopole and patch 
antennas, the following points are highlighted for sake of completion. In comparison to [192], the 
presented work has a preserved radiation pattern characteristic of a typical microstrip patch antenna. 
The H-plane radiation pattern of [192] at highest resonant frequency showed multiple nulls of more 
than 10 dB. Also, the cross-polarisation ratio is relatively low (8 dB to 14 dB) at H-plane patterns 
where it was even less than 10 dB at the main null in the E-plane pattern at 3.5 GHz resonance. 
Similarly, [199, 205] had deteriorated E-plane radiation pattern at the higher frequency range. 
Unsymmetrical characteristics in both planes can be observed. Moreover, the realised gain and total 
efficiency in both monopole antennas are lower than the presented work. Similarly the work 
presented in [23] suffers from a very low gain (-0.4 dB) and hence efficiency is expected to be low 
as well. In addition intermodulation and harmonic distortion are expected [74]. 
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Table 4-4: Comparison of multi-slot patch antenna to other published frequency reconfigurable 
patch antennas. 
Reference 
Tuning 
Technique 
Frequency Range 
(GHz) 
Tuning Range 
(%) 
Realized Gain 
(dBi) 
Total Efficiency 
(%) 
Multi-slot 
antenna 
(this 
work) 
Liquid Metal 
2.64– 5.9 76a 4.7 – 6.5 59 – 79 
[177] 1.59 & 2.41 41b 4.09 & 5.54 60.6 & 75.1c 
[179] 4.8 & 5.4 11.76b -d -d 
[188] 1.32 – 2.84 73.08a ≈ 6 - 8 ≤ 80 
[203] 1.85 – 2.07 11.22a 2.1 – 4.1e -d 
[13] 
Varactor 
1.859 – 3.672 6.56a -1 – 6.5e 28.2 – 96.5c 
[14] 0.65 - .95 37.5a -2.2 – 4.5e 21 - 72 
[15] 1.41 – 1.84 26.46a 7.24 -7.93 ≥ 80 
[16] 1.5 – 2.4 46.15a -d -d 
[17] 2.68 – 3.51 26.82a 4 – 8 40 -82c 
[18] 4.54 – 5.69 22.48a -d -d 
[20] 2.6 – 5.0 63.16a -6 – 5e -d 
[21] 0.7 – 1.3 60a -d -d 
[7] 
PIN Diode 
0.837 – 1.175 31.5b -d 39.8 – 58.5c 
[9] 0.9 – 1.55 53.06b -10 – 3e 5 – 40c 
[8] 1.98 – 3.59 57.81b 0.2 – 4.8e -d 
[10] 0.8 – 3.0 115.79b -7.2 – 2.5 40c 
[11] 
MEMS 
Capacitors 
15.75 – 16.05 1.9a -d -d 
[27] Optical 3.4 – 4.85 35.1b -d -d 
[29] 
Ferrite 
0.2 – 1.0 133.33a -d -d 
[30] 2.8 – 4.6 48.65a -d -d 
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Reference 
Tuning 
Technique 
Frequency Range 
(GHz) 
Tuning Range 
(%) 
Realized Gain 
(dBi) 
Total Efficiency 
(%) 
[31] 
Liquid 
Crystal 
5.45 – 5.84 7a 0.7 – 1.1 21 – 28c 
[27] 
Mechanical 
5.3 – 9.15 53.29b -d -d 
[37] 4.76 – 5.5 14.6a 5 ≥ 80 
[40] 4 – 6.65 49.76b -d -d 
a Continuous. 
b Discrete. 
c Efficiency type is not specified. 
d Not reported. 
e Gain. 
4.4 Conclusion 
This chapter presents a continuously tunable microstrip patch antenna formed entirely from liquid 
metal. The antenna is capable of reconfiguring its operating frequency in a continuous manner. The 
proposed design consists of a microstrip patch which is excited via an aperture coupling. The liquid 
metal is contained within a microfluidic channel which is formed within a polydimethylsiloxane 
(PDMS) substrate. Frequency tuning is achieved by altering the amount of fluid within the channel 
to vary the electrical length of the antenna.  
Two different microfluidic channel layouts are presented. The microfluidic channel structure for 
the first design has a serpentine layout and incorporates rows of posts. For this microfluidic channel 
layout, two designs are presented at X and sub-6 GHz band. The antennas provide a simulated 
frequency tuning range of approximately 104% (i.e. 6.91 GHz) from 3.21 GHz to 10.12 GHz at the 
X-band and 118% (i.e. 4.38 GHz) over the frequency range from 1.51 GHz to 5.89 GHz at the sub-
6 GHz band. A simulated total usable spectrum (S11 < -10 dB) of 105% and 119% is obtained at X 
and sub-6 GHz band, respectively. A maximum simulated realised gain of 6.9 dBi and 82% total 
efficiency are obtained at the X-band whereas 81% and 6.9 dBi are resulted at the sub-6 GHz band. 
The experimental result for the fully filled case of the sub-6 GHz band shows a resonance at 1.49 
GHz which is just 1.3% in error compared to the simulation resonance (i.e. 1.51 GHz). The antenna 
measures, at its full state, a realised gain of 0.2 dBi. Experienced fluid dynamics due to the 
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rheological behaviour of the liquid metal and the microfluidic channel layout necessitates design 
modifications. For that reason, the serpentine microfluidic channel layout is modified to the multi-
slot layout to realise the radiating patch for the second design at sub-6 GHz. 
The frequency reconfigurable multi-slot liquid metal antenna has a simulated and measured tuning 
range from 2.64 GHz to 5.9 GHz and 2.56 GHz to 5.23 GHz, respectively. These equate to a 
simulated 76% (i.e. 3.26 GHz) tuning range and 78% (3.35 GHz) total usable spectrum. The antenna 
measured tuning range is 68% (i.e.2.66 GHz). The measured usable spectrum range is from 2.52 
GHz to 5.42 GHz which results in a total usable spectrum of 73% (i.e. 2.90 GHz). The simulated 
instantaneous frequency bandwidth ranges from 3% at 2.64 GHz to 6.7% at 4.94 GHz. The 
measured instantaneous frequency bandwidths are very similar to the simulated values. The antenna 
measures an instantaneous frequency bandwidth of 3.4% (34.38 MHz) at 2.56 GHz and 7.7% (77.13 
MHz) at 5.23 GHz. The antenna has a simulated realised gain over the tunable frequency band 
ranging in between 4.7 dBi and 6.5 dBi. The measured realised gain shows a range from 0.6 dBi to 
5.6 dBi. The difference between the simulated and measured realise gain at the higher end of the 
frequency band is just within 1-2 dB. This difference in the realised gain between simulation and 
measurement is more observed at the lower end of the frequency band. This could be mainly 
attributed to the finite ground plane size (~0.5λ2 at fr = 2.58 GHz) at theses frequencies. The 
measured backlobe levels at the lower frequency band shows higher levels, by ~ 10 dB, than the 
simulated values, hence, the drop in the boresight realised gains. The simulated total efficiency 
ranges from 59% to 79% whereas the estimated measured total efficiency ranges from 36% to 62%. 
The work presented for the X-band frequency reconfigurable liquid metal antenna has been 
produced into a conference publication, "Continuously tunable frequency reconfigurable liquid 
metal microstrip patch antenna", and presented at IEEE Antennas and Propagation Society 
International Symposium (APSURSI) on July 2017. Similar conference publication has also been 
produced presenting the measured sub-6 GHz serpentine channel design case and the simulations 
of the multi-slot channel design "Liquid Metal Application for Continuously Tunable Frequency 
Reconfigurable Antenna ", presented at The 13th  European Conference on Antennas and 
Propagation (EuCAP 2019) on April 2019. The simulated and measured work presented for the 
sub-6 GHz multi-slot liquid metal patch antenna is compiled into a journal paper and awaiting 
submission. 
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Chapter 5 
5 Comparison and Characterisation of Liquid 
Metal for RF Applications 
Switches have many fundamental applications in microwave and RF circuits, ranging from a simple 
ON/OFF operation to phase shifters. Ideally a switch exhibits zero resistance in the ON state and 
infinite resistance in the OFF state. Practically, however, a switch exhibits some resistance in the 
ON state and a finite resistance in the OFF state.  
The resistance in the ON state could cause impedance mismatching, insertion losses and limited 
power handling capability. It is desired ideally to have a connecting switch without adding 
unacceptable loss that degrade the overall antenna system gain. In the OFF state, the finite resistance 
could degrade the isolation of the unwanted signal or even cause nearby signals to leak via the 
switch.    
Another RF performance parameter is the linearity of a switch or an antenna system in general. In 
practical scenarios, nonlinear distortion has to be evaluated and minimised. Filters in an RF-front 
end have to provide very high rejection ratios to kill undesirable harmonics. A typical value of lower 
than -90 dBm harmonics are required in power amplifiers of mobile devices in order not to degrade 
the receiver sensitivity [238]. In a 43 dBm (20 W) transceiver base station, a standard figure of 
intermodulation distortion of at least -97 dBm is typically required for an antenna system [239]. 
These figures limit antennas that are using nonlinear semiconductor components, such as diodes 
and varactors, to transmit scenarios. Even sophisticated filtering would not be achievable to filter 
out the most problematic third order intermodulation products as they fall within the main signal 
band of interest. The liquid metal, on the other hand, is expected to have a very high linearity.  
In this chapter the most commonly used semiconductor component in reconfigurable antennas, that 
is the PIN diode, and the liquid metal are assessed in terms of their insertion loss, isolation and 
linearity. Two different assessment setups are presented. The first one is where the component under 
test is the means of reconfiguration of an antenna. The second setup presents a test fixture to 
evaluate the component under test as a switch of being a part of a transmission line.  
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Hence, the chapter is mainly divided into two main parts. The first part discusses a pattern 
reconfigurable antenna (Section 5.1). The pattern reconfigurable antenna is presented in two 
different designs. Mainly, the technique of reconfiguration is the major difference between them. 
The first antenna implements PIN diodes to enable reconfiguration. The PIN diode is selected as it 
is the most commonly reported reconfiguration technique. The second design implements liquid 
metal to reconfigure the patterns. The purpose of both designs is to provide a like for like 
comparison between the two reconfiguration techniques. This should give an impression of the RF 
performance of both the liquid metal and PIN-diode as means of reconfigurations.   
The second part of the chapter (Section 5.2), is on characterising the liquid metal as a transmission 
line/switch over the frequency band up to 67 GHz. Similarly, a typical RF diode is investigated at 
the sub-6 GHz band to provide some comparison between the two techniques.    
5.1 Pattern Reconfigurable Antennas  
The antenna parameter that is reconfigured here is the pattern. The antenna reconfigures its pattern 
between omnidirectional and directional patterns. Printed monopole and dipole antennas are 
selected to achieve these reconfigurability. The antenna is designed based on [44] to operate, 
however, within the recently proposed 3.5 GHz 5G band. The PIN-diode version is introduced first 
and then followed by the liquid metal version. For each of the two designed antennas, the antenna 
geometry and analysis are presented. Then, the simulated and measured results are discussed. 
Performance RF parameters of both antennas are then compared and discussed. 
5.1.1 Pattern Reconfigurable PIN Diode Antenna 
Before demonstrating liquid metal as a means to accomplish pattern reconfigurability, another 
version of the antenna is designed using the most commonly applied conventional reconfiguration 
method, which is PIN-diode switches. The PIN-diode version serves as a benchmark to compare 
and assess several RF performance parameters with the proposed liquid metal version. 
5.1.1.1 Antenna Geometry and Analysis 
The antenna consists basically of two antenna elements (i.e. monopole and dipole), a reflector, three 
PIN-diodes and DC biasing components. The radiation pattern shape of the antenna can be switched 
between the monopole-mode (omnidirectional) and the dipole-mode (directional) by switching 
ON/OFF in the PIN-diode switches [44, 320]. The antenna concept is shown in Figure 5-1. When 
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all PIN-diodes are OFF, the antenna operates in the monopole-mode. Switching ON the PIN-diodes, 
on the other hand, connects the two dipole arms which enable the dipole-mode.  
 
Figure 5-1: Perspective view showing pattern reconfigurable PIN-diode antenna concept; top layer 
(left), substrate (middle) and bottom layer (right). 
 
For the antenna to operate in the monopole mode, all diodes are switched OFF. When 𝐷1 and 𝐷2 
are OFF the dipole antenna is disconnected. The bottom-layer feedline has to be isolated too using 
an additional diode (𝐷3), as a current flows, as shown in Figure 5-2, through the bottom feedline 
and consequently degrades the antenna performance at monopole mode. DC pads are also added at 
the edge end of the biasing lines to facilitate wire soldering. 
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Figure 5-2: Normalised surface current contour comparing design with switch (D3) between ground 
plane and bottom feedline (left) and without a switch (right). 
 
The diode states are controlled by a DC biasing circuit. The purpose of applying inductors into the 
DC biasing circuit is to allow a DC current path to bias the PIN diode while isolates the RF signal 
from the DC sources. The inductor is naturally a low pass filter as its reactance is described by:   
 𝑋𝐿(Ω) = 𝜔𝐿 (5-1) 
where 𝜔 is the angular frequency in radians per second and 𝐿 is the inductance in Henry. As the 
frequency increases, the inductor impedance increases too which eventually provides RF isolation 
while allowing DC current to flow. Another important aspect of selecting an inductor is its self 
resonant frequency (SRF) which is given by: 
 SRF =
1
2𝜋√𝐿𝐶
 (5-2) 
where 𝐶 is a parallel parasitic capacitance in Farads. In other words, it is the frequency at which the 
peak inductor impedance occurs. At frequencies above the SRF the parasitic capacitance dominates, 
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which makes the inductor behaves like a capacitor, i.e. impedance decreases with frequency. So the 
selection of an inductance value is based on finding an inductor whose impedance provides 
sufficient RF isolation and its SRF is just above the frequency where isolation is needed. Obviously 
the inductor should be capable of withstanding the PIN diode DC power requirement and have a 
relatively low DC resistance. 
Using (5-1) to have 𝑍𝐿 ≫ 𝑍0 at 3.5 GHz, leads to that 𝐿 ≥ 22 nH. The inductor should withstand a 
100 mA which is the maximum forward current of the selected BAR50-02V PIN-diode [258]. A 
surface mount inductor, 0402DC-22NXJRU [321], with nominal inductance of 22 nH and actual 
inductance of greater than 31.40 nH at 3.5 GHz is selected. The inductor has an SRF of 4.95 GHz, 
a DC resistance of 8.89 Ω, and a maximum current handling of 800 mA. 
The BAR50-02V PIN-diode has a typical application as an antenna switch. The diode model can 
be represented with different levels of complexity as shown in Figure 5-3. The diode could be 
represented in its simplest form by a metal tab for the ON state and an open circuit for the OFF 
state. A more widely acceptable representation is by lumped elements [322]. In the lumped elements 
model, the ON state is modelled by a resister (𝑟𝑓) in series with a parasitic inductance (𝐿𝑠) 
representing packaging leads. On the other hand, a capacitor (𝐶𝑇) with a parallel resister (𝑅𝑃) in 
series with 𝐿𝑠 represent the OFF state. The lumped element values and the diode SPICE model are 
provided by the manufacturer. Another way of representing the diode is by its scattering parameters 
provided as a touchstone file by the manufacturer for different biasing conditions. The BAR50-02V 
PIN-diode has typically 𝑟𝑓 of 3 Ω at forward biasing voltage (𝑉𝑓) and current (𝐼𝑓) of 0.95 V and 10 
mA, respectively. The diode with a reverse biasing voltage (𝑉𝑅) of 0 V has typical 𝐶𝑇 and 𝑅𝑃 of 
0.15 pF and 5 kΩ, respectively at 1.8 GHz. The parasitic inductance 𝐿𝑠 for the used package (SC79) 
is 0.6 nH. 
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Figure 5-3: Diode model different representation. 
 
The antenna structure is shown in Figure 5-4. The distance between the dipole and the ground plane 
(lM), which acts as a reflector, is about one quarter guided wavelength. It sets the monopole length 
too as the monopole serves as a feedline for the dipole. The dipole length (lD) is about a half guided 
wavelength. The antenna is studied and optimised using the Computer System Technology (CST) 
Studio Suite.  The antenna is excited by an SMA probe. The substrate material is FR-4 having a 
thickness of 1.6 mm, ɛr = 4.55, and tan 𝛿 = 0.0175 at 1 MHz. 
 
 
Figure 5-4: Pattern reconfigurable PIN-diode antenna structure (dimensions not to scale, bottom-
layer diode switches and DC biasing components not shown). 
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The inductors are modelled in CST as lumped elements using discrete face ports. The DC lines 
width is made narrower to effectively have a high RF impedance path minimising biasing circuit 
effect of antenna performance. The diodes are modelled with different representation, as shown in 
Figure 5-3, to investigate modelling effect on simulation results. The final optimised dimensions 
are reported in Table 5-1. The fabricated antenna is shown in Figure 5-5. 
 
Table 5-1: Pattern reconfigurable pin-diode antenna dimensions. 
Dimension Value (mm) Description Dimension Value (mm) Description 
wDC 0.25 DC bias line width lF 22 Feedline length 
wD 0.25 Dipole arm width wF 4 Feedline width 
lD 20 Dipole arm length lS 140 Substrate length 
lGP 111 Ground plane length wS 55 Substrate width 
lM 12.5 Monopole length    
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Figure 5-5: Photo of the fabricated pattern reconfigurable PIN-diode antenna showing the front view 
(left), rear view (right), and magnified views of soldered components (middle). 
 
5.1.1.2 Simulation and Measurement Results Discussion 
The diode is represented in the CST environment using the three different models that are depicted 
in Figure 5-3. The copper tab model is simulated where it is used to represent the ON state and a 
vacuum instead to represent the OFF state. The diode RLC equivalent circuit model is simulated as 
effectively a series resistance for the ON state and a capacitor for the OFF state. The s-parameter 
model of the diode is based on measured S-parameters provided by the manufacturer in the standard 
Touchstone file format. The copper tab and RLC models are simulated using the full wave solver 
Microwave Studio environment. On the other hand, the s-parameters model has to be modelled 
using both the full wave solver (Microwave Studio) and a circuit simulator (Design Studio). Both 
studios are within the CST Studio Suite.     
The simulation results are compared with measurement for the monopole mode and shown in 
Figure 5-6. In the measurement the diodes are in OFF states by applying 𝑉𝑅 of zero volt. The 
electrical length of the monopole should result in a resonance at about 3.5 GHz. The copper tab, 
RLC equivalent circuit and S-parameter models results in a resonant frequency of 3.52 GHz, 2.56 
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GHz and 2.72 GHz, respectively. The measured resonant frequency is 2.54 GHz. This results in an 
error of 28%, 0.8% and 7% for the copper tab, RLC equivalent circuit and S-parameter models, 
respectively.  
The copper tab model depicts the ideal case, i.e. no effect of the diode switch on the input impedance 
of the antenna. In reality the diode is actually not an ideal open circuit switch in the OFF state. It is 
a combination of RLC circuits. The RLC equivalent circuit and S-parameter models, hence, resulted 
in a better agreement with the measurement. The higher error between the simulated S-parameter 
model and the measured result may be contributed to the measurement fixture used to obtain the S-
parameters and the reference plane definition which is not provided by the manufacturer. The RLC 
equivalent circuit model results in a very reasonable agreement with the measurement. The diode 
in this OFF state is basically a parallel capacitor (𝐶𝑇) and resistor (𝑅𝑃) in series with an inductor 
(𝐿𝑠). Mainly the 𝐶𝑇 is the dominant element as it is much smaller than the 𝑅𝑃 and the series 𝐿𝑠 is 
negligible.        
 
Figure 5-6: Simulated and measured reflection coefficient of monopole mode. 
 
Similarly, to reconfigure the antenna to dipole mode, the diodes are modelled in the ON state and 
compared with the measurements as presented in Figure 5-7. The comparison of the three simulation 
models with the measurement is in better agreement than that of the OFF state. The dipole antenna 
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resonates at 3.52 GHz, 3.51 GHz and 3.41 GHz when the diode is modelled as Copper Tab (i.e. 
vacuum here), TLC equivalent circuit and S-parameters model, respectively. The measured dipole 
antenna has a resonance at 3.39 GHz. The percentage error between the simulated models and the 
measurement is 4%, 4% and 0.6% for the copper tab, RLC equivalent circuit and S-parameters 
model, respectively.  
Basically the diode in the ON state is effectively, in practice, a series resistor (𝑟𝑓). The resonant 
frequency is less sensitive to 𝑟𝑓 variations. The diode insertion loss, however, is affected by the 
resistance value. The 𝑟𝑓 value used in the RLC model is based on an on-board measurement 
resulting in 18.4 Ω at 50 mA. The 𝑟𝑓 is a function of the biasing current and as a result a further 2 
dB increase in the measured insertion loss is observed when the biasing current is lowered from 50 
mA to at 5 mA.    
 
Figure 5-7: Simulated and measured reflection coefficient of dipole mode.  
 
Studying and comparing both the measured reflection coefficient of the antenna and the simulated 
RLC and S-parameters results for the two diode switch states indicate different resonances. This 
concludes that the input impedance changes with the switch states. This is expected as mentioned 
earlier due to the diode being non-perfect switch and rather a combination of equivalent lumped 
components.  
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The simulated and measured radiation patterns of the monopole mode are shown in Figure 5-8. In 
the xz-plane both simulated diode models and measured patterns are omnidirectional. There are 
good agreements between the simulation and measurement results. The RLC equivalent circuit 
model of the diode, however, has a better agreement with measurement compared to other diode 
models. The yz-plane radiation patterns have generally figure of eight like patterns. The relatively 
high cross-polar components in both planes are mainly due the asymmetry nature of the structure. 
On average, however, the cross-polar components are 10 dB lower than the co-polar components. 
It should be mentioned that the S-parameters model, due to a limitation within the CST Studio Suite 
of 2018 version [323], does not reflect correct far field values. However, as the plots are normalised 
that should not affect the comparison.        
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Figure 5-8: Simulated and measured radiation patterns for monopole mode, xz-plane (left) and yz-
plane (right) for three diode models: copper tab (top), RLC equivalent circuit (middle) and S-
parameters model (bottom). 
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Figure 5-9 shows the radiation patterns of the dipole mode. The three different simulation models 
of the diode have a more consistent patterns than what is observed in the monopole case. This might 
be contributed to the antenna being less sensitive to the diode existence in the ON state as it is a 
series resistor. However, in the case of the monopole, i.e. OFF state, the diode has a capacitance 
that would affect the input impedance of the antenna. Hence, the current distribution is affected as 
a result. 
The patterns have a figure of eight shape at the xz-plane as expected and an upward directed patterns 
in the yz-plane. Both the simulation and measurement results are in good agreement. A slight effect 
of the cable may be observed at -90° at both co-polar and cross-polar components on the xz-plane. 
However, the cable has less effect overall compared to the monopole measured patterns. This might 
be due the patterns being reflected by the ground plane rather than being omnidirectional. 
The effect of the biasing circuits on the measured radiation patterns are shown for the monopole 
mode in Figure 5-10. Where the “No Biasing Components” label means no components and DC 
wires were soldered, and the bias-tee was not connected. The xz-plane co-polar component became 
more of an ideal omnidirectional pattern in the “No Biasing Components” case. The yz-plane co-
polar component shows a deep null is observed at around -60° in the case of “With Biasing 
Components”, which appears to be mainly from the bias-tee rather than from the RF cabling. The 
cross-polar component in the yz-plane is relatively lower at ±90° in the “No Biasing Components” 
as such asymmetry created by the biasing was removed.      
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Figure 5-9: Simulated and measured radiation patterns for dipole mode, xz-plane (left) and yz-plane 
(right) for three diode models: copper tab (top), RLC equivalent circuit (middle) and S-parameters 
model (bottom). 
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Figure 5-10: Measured radiation patterns for monopole mode, xz-plane (left) and yz-plane (right) 
with and without biasing components. 
 
The antenna at monopole mode attains a maximum simulated realised gain of 3.7 dBi and 3.3 dBi 
for the copper tab and RLC equivalent circuit, respectively. The maximum measured realised gain 
is -0.3 dBi. Based on the RLC circuit model result, the measured realised gain is 3.6 dB lower than 
the simulated value. The dielectric values of both relative permittivity and loss tangent, being 
defined within the simulation model at 1 MHz, may have an effect. Moreover, a similar range of 
discrepancy between simulated and measured realised gains have been noticed [261-263]. Further 
related discussion is provided in Appendix A. The measured xz-plane realised gain increased by 1.2 
dB at the “No Biasing Components” case and by 1.0 dB at the yz-plane relative to the “With Biasing 
Components” case. Similarly the cross-polar component in the xz-plane and yz-plane was lowered 
by 3.2 dB and 5.8 dB, respectively, in the “No Biasing Components case”. 
In the dipole mode, the antenna has a maximum simulated realised gain of 4.4 dBi and 2.8 dBi when 
the diode is modelled as copper tab and RLC equivalent circuit, respectively. A 0.5 dBi value was 
measured as a maximum realised gain for the dipole mode. This resulted in a difference of 2.3 dB 
between the RLC equivalent circuit simulated model and the measured case. The realised gain of 
both modes for both the simulated copper tab and RLC equivalent circuit models and the measured 
results are all summarised in Table 5-2. 
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Table 5-2: RF performance comparison between simulation models and measurement results for 
both monopole and dipole modes. 
Monopole Mode 
  Simulations Measurement  
 Copper Tab RLC equivalent circuit   
Realised gain (dBi) 3.7 3.3 -0.3  
Directivity (dBi) 4.3 3.9   
Radiation 
Efficiency (%) 
87 88   
Total Efficiency 
(%) 
87 87 38  
Dipole Mode 
 Simulations Measurement  
 Copper Tab RLC equivalent circuit   
Realised gain (dBi) 4.4 2.8 0.5  
Directivity (dBi) 5.3 5.2   
Radiation 
Efficiency (%) 
82 59   
Total Efficiency 
(%) 
82 57 34  
 
Assuming a negligible mismatch, the total efficiency may be approximated by the radiation 
efficiency. In other words, using the simulated directivity and measured realised gain, the measured 
total efficiency may be roughly approximated. The monopole antenna, hence, has an estimated 
measured total efficiency of approximately 38%. A 10% increase in the estimated total efficiency 
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is obtained for the “No Biasing Components” measured realised gain case. The dipole mode shows 
a similar estimated total efficiency of 34%.  
5.1.2 Pattern Reconfigurable Liquid Metal Antenna 
This section presents the above concept of pattern reconfigurability, however, using the liquid 
metal. The use of liquid metal to produce reconfigurable antennas represents an approach which 
promises improved linearity and efficiency compared with conventional reconfigurable antennas. 
The section describes a pattern reconfigurable antenna operating within the recently proposed 3.5 
GHz 5G band. The radiation pattern shape of the antenna can be switched between omnidirectional 
and directional using liquid metal. The section begins by describing the antenna geometry and 
fabrication. Simulation and measurement results discussion is then presented.  
5.1.2.1 Antenna Geometry and Fabrication 
The antenna, shown in Figure 5-11, consists of a 0.5 mm-wide monopole fed by a 1 mm-wide 
microstrip line. Both of these features are printed on the top-layer of the substrate. A 
Polytetrafluoroethylene (PTFE) tube (ɛr = 2.1 and tanδ = 0.0002 at 10 GHz) of 1.6 mm-outer 
diameter and 0.5 mm-inner diameter is glued to the end of the monopole antenna in order to form 
one arm of the dipole antenna. The bottom layer of metallisation incorporates a ground plane for 
the microstrip feedline and a PTFE tube forming the second dipole arm. The antenna is excited by 
an SMA probe. The substrate material is FR-4 having a thickness of 1.6 mm, ɛr = 4.55, and 
tan 𝛿 = 0.0175 at 1 MHz. Table 5-3 summarises the antenna dimensions. The fabricated antenna 
front and rear views are shown in Figure 5-12 (left) and (right), respectively. Figure 5-12 (middle) 
shows a magnified capture of the liquid metal filling uniformly the PTFE tube.  
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Figure 5-11: Pattern reconfigurable liquid metal antenna structure (dimensions not to scale). 
 
Table 5-3: Pattern reconfigurable liquid metal antenna dimensions summary 
Dimension Value (mm) Description Dimension Value (mm) Description 
lD 24.6 Dipole arm length lF 21.5 Feedline length 
lGP 111 Ground plane length lS 140 Substrate length 
lM 15 Monopole length wS 55 Substrate width 
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Figure 5-12: Photo of the fabricated pattern reconfigurable liquid metal antenna showing the front 
view (left), a magnified section of PTFE dipole arm showing liquid metal (middle) and rear view 
(right). 
 
5.1.2.2 Simulation and Measurement Results Discussion 
When the tubes are empty the antenna operates in the monopole mode whereas dipole mode is 
achieved by injecting liquid metal into the tubes. For the purpose of this first proof-of-concept 
design, the liquid metal is only manually injected using a syring to demonstrate the dipole mode 
whereas no liquid metal withdrawal is implemented. The monopole mode is simply demonstrated 
by empty tubings. Figure 5-13 depicts the simulated and measured frequency response for both 
operating modes. The simulation and measurement are in good agreement. The monopole mode has 
a simulated resonant frequency of 3.52 GHz whereas the measured resonant frequency is 3.51 GHz. 
This results in a difference of only 2% between the two resonances. The dipole mode has a simulated 
and measured resonant frequency occurring at 3.49 GHz and 3.57 GHz, respectively. The dipole 
mode error in resonant frequency between simulation and measurement is negligible (0.3%). The 
small discrepancy between simulation and measurement is attributed to errors in the alignment of 
the tubes as well as the effect of the glue used during device assembly. For both modes the measured 
10 dB return loss bandwidths intersect over a region having a width of 11% (or 386 MHz).  
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Figure 5-13: Simulation and measurement reflection coefficient of both monopole and dipole modes 
of pattern reconfigurable liquid metal antenna. 
 
Figure 5-14 shows the simulated and measured radiation patterns corresponding to the two modes 
of antenna operation. The simulation and measurement results are in good agreement, which is an 
improvement on the diode version as diode modelling error is eliminated here. The antenna can 
reconfigure its radiation pattern successfully from monopole-mode (omnidirectional) to dipole-
mode (directional). The level of the cross-polar components is affected by the asymmetry of the 
antenna. It is also noted that the simulated cross-polar component of the monopole mode at the yz-
plane is relatively very small (< -60 dBi) while the measured value is much larger.  
The maximum simulated boresight realised gain is 3.8 dBi and 4.6 dBi for monopole and dipole 
mode, respectively. The monopole mode measured a 1 dBi as the maximum measured realised gain 
whereas the dipole mode has a 1.9 dBi maximum measured realised gain. The maximum measured 
realised gain is 2.8 dB and 2.7 dB lower than the maximum simulated boresight realised gain for 
the monopole and dipole mode, respectively. A similar difference is observed in the diode version 
measurements. The error may be contributed to the accuracy of the dielectric values, of both relative 
permittivity and loss tangent, defined within the simulation model and/or due to the measurement 
setup as discussed earlier.  
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Figure 5-14: Simulated and measured radiation patterns for pattern reconfigurable liquid metal 
antenna; monopole mode: xz-plane (top-left) and yz-plane (top-right); dipole mode: xz-plane (bottom-
left) and yz-plane (bottom-right).  
 
A simulated 90% efficiency is obtained for both radiation and total efficiency for the monopole 
mode. For the dipole-mode, both of the simulated radiation and total efficiency attain a maximum 
value of 88%. The simulated total efficiency for both monopole and dipole mode is identical to the 
radiation efficiency because the antenna is well matched. The measured total efficiency could be 
approximated from simulated directivity and measured realised gain assuming negligible mismatch 
losses. Based on that, an estimated measured efficiency of 47% is obtained for both the monopole 
and dipole modes. A measured realised gain correction of 2 dB or 2.5 dB, assuming it is due to a 
setup systematic error, would result in the simulated and measured total efficiencies being in error 
by 16% or 6%, respectively.   
The frequency response repeatability over time of the proposed pattern reconfigurable mono-dipole 
liquid metal antenna has also been measured. This measurement would also show how the RF 
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performance of the antenna is affected, if any, by the chemical reaction between the liquid metal 
and copper. The antenna is measured on intervals over more than a year. The antenna has been 
stored at room temperature condition and liquid metal has been in direct contact with the bare 
copper transmission lines. The antenna has shown a consistent response over repeatable time 
interval measurement. Figure 5-15 (top) shows the initial measurement, labelled as “0-Week”, 
compared to measurements after 30 and 57 weeks as examples. The trend and resonance are in very 
good agreement. The resonant frequency is plotted over measurement time intervals and shown in 
Figure 5-15 (bottom). The maximum error in the resonant frequency over the measured period, 
occurs between the initial and second measurement, is just around 1%. The error is very negligible 
(< 0.8%) between the second and subsequent measurements. Although the liquid metal chemically 
reacts with copper, forming CuGa2 intermetallic compound [324, 325], this reaction does not affect 
the RF performance as can be seen from these measurement results. Actually, enhancements of the 
electrical and thermal conductivities have been observed in studies published in [224, 326-328]. 
This is as a result of liquid metal ions migration into the copper as both gallium and copper have 
different potentials.            
 
Figure 5-15: Measured repeatability over time of pattern reconfigurable mono-dipole liquid metal 
antenna; reflection coefficient (top) and resonant frequency (bottom).  
 
Chapter 5: Comparison and Characterisation of Liquid Metal for RF Applications 
 
218 
 
5.1.3 RF Performance Comparison of Pattern Reconfigurable PIN Diode and 
Liquid Metal Antennas  
In this section, the PIN diode and liquid metal version of the antenna s are compared. In simulation 
results comparison, the RLC equivalent circuit model is used as it reasonably resembles the 
measured case. The monopole mode comparison is discussed first. Then, dipole mode comparison 
is presented.    
The simulated and measured frequency response of both monopole antenna versions is compared 
in Figure 5-16. The diode switches affect the input impedance of the antenna and therefore both the 
simulated and measured resonant frequency shift down from the expected frequency (i.e. 3.5 GHz) 
by 27%. In contrast, as the liquid metal is an ideal-like conductor, negligible shift (< 0.6%) on the 
resonant frequency is observed for both simulated and measured results of the liquid metal 
monopole antenna. The 10 dB frequency bandwidth for both antennas is about 13%.      
 
 
Figure 5-16: Comparison of simulated and measured reflection coefficient of both diode and liquid 
metal pattern reconfigurable monopole antenna. 
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Figure 5-17 compares measured radiation patterns of both diode and liquid metal antennas. The 
pattern of both antennas are very similar. However, the liquid metal version is more omnidirectional 
in the xz-plane than the diode version. This might be attributed to the biasing circuitry as can be 
seen in Figure 5-10. The cross-polar components of both antennas are within similar levels in the 
xz-plane. However, the cross-polar component of the diode antenna is mostly higher by at least 10 
dB when compared to the liquid metal antenna in the yz-plane. 
Table 5-4 compares the simulated and measured RF performance of both versions in the monopole 
mode. The simulated radiation efficiency of the diode version is almost similar to the liquid metal 
version. This is as the diode is effectively an open circuit represented by a capacitor. Similarly, the 
simulated total efficiency of both antennas is much the same as the simulated radiation efficiency 
as both antennas are well matched. The estimated total efficiency based on simulated directivity 
and measured realised gain, neglecting mismatch losses, of the liquid metal antenna is 9% higher. 
As a result the measured realised gain of the liquid metal monopole mode is 1.3 dB higher than that 
of the diode version. 
 
 
Figure 5-17: Comparison of measured radiation patterns for pattern reconfigurable diode and liquid 
metal monopole antenna, xz-plane (left) and yz-plane (right). 
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Table 5-4: Comparison of diode and liquid metal versions of proposed pattern reconfigurable mono-
dipole antenna in monopole mode. 
 Simulation Measurement 
 Diode  Liquid metal Diode Liquid metal 
Resonant Frequency (GHz) 2.56 3.52 2.54 3.51 
Bandwidth (%) 12 13 13 13 
Radiation Efficiency (%) 88 90 - - 
Total Efficiency (%) 87 90 38 47 
Directivity (dBi) 3.9 4.3 - - 
Realised Gain (dBi) 3.3 3.8 -0.3 1.0 
 
In the dipole mode, both antenna versions are within not more than 3% error in the resonant 
frequency with respect to 3.5 GHz as shown in Figure 5-18. The measured 10 dB return loss 
bandwidth of the diode version is 3% less than the simulated value whereas in the liquid metal 
version the measured value is just 1% higher than the simulated value. The measured diode version 
of the dipole mode has a 4% less 10 dB return loss bandwidth compared to the liquid metal version. 
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Figure 5-18: Comparison of simulated and measured reflection coefficient of both diode and liquid 
metal pattern reconfigurable antenna; monopole mode (top) and dipole mode (bottom). 
 
Figure 5-19 compares the measured radiation patterns of both diode and liquid metal dipole 
antennas. The radiation patterns of both components in both planes are very similar. Both antennas 
have the same simulated directivity of 5.2 dBi. However, the simulated realised gain of the diode 
version drops by 1.8 dB compared to the liquid metal version as a result of the diode insertion loss. 
Similarly, the measured realised gain of the diode version is 1.4 dB lower than the measured liquid 
metal version realised gain. This is mainly due to the conductive losses associated with diode. A 
summary of the RF performance of both antennas is listed in Table 5-5. A drop in the radiation 
efficiency, and hence the total efficiency, of the diode version in the dipole mode of about 30% is 
noticed compared to the liquid metal version. This is mainly due to the insertion loss of the diode 
as it acts effectively in the ON state as a series resistance (18.4 Ω). The estimated measured total 
efficiency of the liquid metal version is 13% higher than the diode version.  
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Figure 5-19: Comparison of measured radiation patterns for pattern reconfigurable diode and liquid 
metal dipole antenna, xz-plane (left) and yz-plane (right). 
 
Table 5-5: Comparison of diode and liquid metal versions of proposed pattern reconfigurable mono-
dipole antenna in dipole mode. 
 Simulation Measurement 
 Diode  Liquid metal Diode Liquid metal 
Resonant Frequency (GHz) 3.51 3.48 3.39 3.57 
Bandwidth (%) 11 11 8 12 
Radiation Efficiency (%) 59 88 - - 
Total Efficiency (%) 57 88 34 47 
Directivity (dBi) 5.2 5.2 - - 
Realised Gain (dBi) 2.8 4.6 0.5 1.9 
 
In conclusion, the input impedance of the liquid metal antenna remains constant regardless of the 
mode of operation. The resonant frequency of the liquid metal antenna is therefore not affected by 
the mode of operation. On the other side, the diode antenna has a shifted resonance in the monopole 
mode from 3.39 GHz down to 2.54 GHz. This is as a result of the diode being effectively a capacitor 
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and hence changes the antenna input impedance. The BAR50-02V PIN-diode has a capacitance 
ranging from 0.1 pF to 0.5 pF depending on the applied reverse biasing voltage and frequency of 
operation.  
Although in the dipole mode, the diode forward series resistance does not affect the resonant 
frequency, it has an impact on the diode insertion loss. This consequently negatively impacts the 
realised gain of the antenna. The BAR50-02V PIN-diode has an ON state forward resistance ranging 
from 3 Ω to 40 Ω depending on the DC biasing current. As a result, the simulated realised gain 
could range from 4.2 dBi at 3 Ω to 1.2 dBi at 40 Ω depending on the DC biasing current. In the 
liquid metal version, however, the gain is stable as it is basically an ideal-like conductor. The liquid 
metal version has an intersected 10 dB frequency bandwidth of 11% whereas intersected frequency 
bandwidth is not applicable for the diode version as both modes are out of band.  
Another important aspect of comparison, which has an impact on the communication system 
performance is the linearity of the reconfiguration technique and hence the overall antenna system. 
The diode switch is known as being a non-linear device. In other words undesirable harmonics and 
intermodulation products could be generated. This is not the case when using liquid metal as it is 
highly linear. In the remaining part of this chapter, the linearity of both PIN diode and liquid metal 
is going to be further discussed.     
5.2 RF Characterisation of PIN Diode and Liquid Metal  
PIN diode and liquid metal can be used as switches. Liquid metal could even form or be as part of 
a transmission line. In this section different performance parameters of both the PIN diode and 
liquid metal are presented and compared. Considered parameters include the insertion loss, 
isolation, linearity, RF power handling and DC power consumption. Following the same structural 
layout of the previous section, the PIN diode is discussed first then followed by the liquid metal. At 
the end of this section, a conclusive comparison summary is presented.    
5.2.1 Characterisation of PIN Diode  
The loss of a signal through an ON switch is defined as insertion loss (𝐼L). The flow of both bias 
and RF currents cause ohmic loss within the switch structure. This unwanted loss of power increases 
the noise figure (NF) of the system. Insertion loss can be found from the difference between RF 
powers delivered to the load without (𝑃L) and with (𝑃L,ON) the switch present as given in dB by the 
following equation: 
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 𝐼L(dB) = 10 log(
𝑃L
𝑃L,ON
) (5-3) 
On the other hand, the power applied through an OFF switch that is not transferred to the load 
defines the switch isolation (𝐼SO). The isolation can be found by: 
 𝐼SO(dB) = 10 log(
𝑃L,ON
𝑃L,OFF
) (5-4) 
where 𝑃L,OFF is defined as the RF power leaked to the load when the switch is OFF. 
The diode parameters, such as forward resistance (rf), total capacitance (CT) and consequently its 
RF performance are mainly governed by DC biasing conditions and imposed RF signal frequency 
[258]. Power handling capability of a PIN diode depends on the maximum total power (𝑃tot,max) 
that the diode can dissipate, thermal resistance (𝑅thJA) between diode junction (𝑇J), the ambient 
temperature (𝑇A), switch connection type and the reverse breakdown voltage (𝑉BR) rating.  
For a reverse biased diode, reverse voltage (𝑉R) mainly determines the power handling at the OFF 
state. The 𝑉𝑅 has to be high enough to prevent breakdown during the reverse biased state which 
includes both applied DC bias (𝑉DC) and the RF peak voltage (𝑣P). Otherwise diode failure could 
happen. Then, from:   
 𝑉BR,rms =
𝑉BR
√2
 (5-5) 
and 
 𝑃R,max =
𝑉BR,rms
2
𝑍0
 (5-6) 
the maximum power (𝑃R,max) that a reverse biased diode can handle can be calculated on a 50 Ω 
system where rms subscript represents the root-mean-square value. 
Similarly for a forward biased diode, the maximum input power (𝑃in,max) can be calculated by:  
 𝑃in,max = 𝑃tot,max − 𝐼DC
2 𝑟f = 𝑖rms,max
2 𝑍0 (5-7) 
where 𝑖rms,max is the root-mean-square value of the maximum allowable RF current passing 
through the diode and 𝑟f is the diode forward resistance which depends on the DC biasing 
conditions.  
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Another important performance parameter for RF components is the level of linearity. An 
investigated nonlinear behaviour of PIN diodes on frequency reconfigurable slot antennas is 
reported in [74]. The investigated structure consists of two slot antennas arranged for frequency 
reconfigurable multiple-input multiple-output (MIMO) system. When the PIN diode is OFF, the 
slot operates at 840 MHz whereas it resonates at 1100 MHz when the PIN diode is ON. The levels 
of intermodulation products are presented for a transmission scenario where the diode of slot one 
and two are OFF and ON, respectively. The received fundamental signal power level is about -15 
dBm. The third order intermodulation products, 2𝑓1 − 𝑓2 and 2𝑓2 − 𝑓1, measure 40 dBc and 45 dBc, 
respectively. The spectrums of the antenna under test in receive scenario is also measured where 
slot one is ON and slot two is OFF. The measured spectrum shows 2𝑓1 harmonic and 2𝑓1 + 𝑓2 third 
order intermodulation product. It can be concluded from these measurements that diodes generate 
harmonics and intermodulation products in both transmission and receive scenarios. Moreover, 
even if the diode of slot two is OFF, it is found that it contributes greatly to the harmonic and 
intermodulation distortion. Another diode behaviour observed from [74], is the partial biasing. 
Reported results indicate that a 0 V DC biased diode is not actually at an absolute off-state. 
Harmonics and intermodulation products are noticed during measurements which show the OFF 
diode is partially biased by the RF signal across it. The diode has to be sufficiently reverse biased 
to insure it is really at OFF-state when a specific RF input power level is applied. 
Another reported issue with diodes and varactors is the change of their impedances based on RF 
input power level. The effect of the input power level on the pair of the slot antennas in [74] when 
the two diodes are OFF shows a poor matching as a result of increasing the input power level from 
-17 dBm to 10 dBm. Similarly, [329] reports the input power level effect on varactor impedance of 
a single and dual-polarized slot ring antennas. As the input power level increases, which increases 
the voltage swing across the varactors, the effective capacitance increases. This results in 
undesirable resonant frequency shifts downward as input power level increases. 
5.2.1.1 Test Fixture Geometry and Analysis 
The designed test fixture to evaluate the above discussed parameters is to take into account being 
applicable to evaluate both the PIN diode and liquid metal. The structure is basically a transmission 
line with a gap in the middle to accommodate the under test component. In here, a BAR50-02V PIN 
diode is soldered across the gap. Figure 5-20 (left) shows the proposed structure geometry. The 
substrate is 25 mm x 15 mm (GPl x GPw) and made from a 0.2 mm-thick Rogers RO4003C (ɛr = 
3.38, tanδ = 0.0027 at 10 GHz). The microstrip transmission line is 25 mm-long (TLl) and 0.4 mm-
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wide (TLw). The gap is placed in the middle of the microstrip transmission line and is 1 mm-long 
(Gapl) to accommodate the diode.  
The test fixture model in the full wave simulation environment is shown in Figure 5-20 (right). The 
BAR50-02V PIN diode is modelled using the equivalent RLC circuit model shown in Figure 5-3. 
The transition from coaxial to microstrip transmission line is accomplished using a 2.92 mm end 
launch connector [330].     
 
 
Figure 5-20: PIN-diode evaluation test fixture (left) and simulation model (right).  
 
The BAR50-02V PIN diode [258] forward resistance could range from 3 Ω to 40 Ω depending on 
the DC biasing condition. The insertion loss is expected to vary accordingly. The insertion loss of 
the diode using the proposed test fixture in Figure 5-20 is studied in simulation while varying the 
forward resistance. Figure 5-21 (top) shows the insertion loss when the forward resistance is varied 
to some quoted values in the datasheet. At 1 GHz, the insertion loss for rf = 3 Ω is just 0.3 dB. 
However, it increases for rf = 18.4 Ω to 1.6 dB and significantly for rf = 40 Ω to be 3.0 dB. The 
insertion loss almost remains constant with frequency of operation as the resistance would not be 
expected to vary in simulation. It records a 0.4 dB at rf = 3 Ω, 1.6 dB at rf = 18.4 Ω and 3.1 dB at rf 
= 40 Ω at 6 GHz. The reflection coefficient of these forward resistances are plotted in Figure 5-21 
(bottom) and lead to the same observations.  
y
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Figure 5-21: Simulated insertion loss of diode at ON state (top) and reflection coefficient (bottom) for 
different forward resistance (𝒓𝐟) values. 
 
Similarly, the isolation of the PIN diode when it is in the OFF state is simulated for different reverse 
diode total capacitance (CT). Figure 5-22 (top) shows the simulated isolation obtained for different 
CT values. When the CT = 0.1 pF, the diode shows an isolation of 23.8 dB at 1 GHz and drops down 
to 8.8 dB at 6 GHz. The isolation decreases at CT = 0.3 pF resulting in 14.7 dB and 2.6 dB at 1 GHz 
and 6 GHz, respectively. The isolation gets even worse at CT = 0.5 pF. The diode has 10.6 dB at 1 
GHz and down to only 1.2 dB isolation at 6 GHz. The diode capacitance value in the OFF state 
significantly affects the diode RF performance as also has been noticed earlier in the monopole 
mode of the pattern reconfigurable PIN diode antenna. Similar behaviour can be concluded as 
expected from the reflection coefficient plots provided in Figure 5-22 (bottom).      
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Figure 5-22: Simulated isolation of diode at OFF state (top) and reflection coefficient (bottom) for 
different reverse capacitance (𝑪𝐓) values. 
 
5.2.1.2 Simulation and Measurement Results Discussion 
The diode performance has been evaluated considering variations of biasing condition and applied 
RF input power level over the frequency band from 1 GHz to 6 GHz. The measured insertion loss 
at different DC biasing currents is plotted in Figure 5-23 (left) and Figure 5-23 (right) for RF input 
power level of -20 dBm and 20 dBm, respectively. Similarly, the insertion loss is plotted at different 
RF input power levels for DC biasing current ranging from 3 mA Figure 5-24 (left) to 100 mA 
Figure 5-24 (right). At 3 mA biasing condition and -20 dBm RF input power, the diode has a 
measured insertion loss of 1.6 dB and 2.4 dB at 1 GHz and 6 GHz, respectively. The insertion loss 
decreases as the biasing current increases. This is as a result of the forward resistance being lowered 
as the DC biasing current increases. At the maximum biasing current of 100 mA and -20 dBm RF 
input power, the diode has an insertion loss of 0.3 dB and 1.4 dB at 1 GHz and 6 GHz, respectively.  
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On the other hand, when the RF input power increases to 20 dBm, the insertion loss measures, at 3 
mA biasing current, up to 6.3 dB and 3.3 dB at 1 GHz and 6 GHz, respectively. Increasing the 
biasing current to lower the forward resistance up to 100 mA slightly improves the measured values 
where the insertion loss measures 5.6 dB and 2.7 dB at 1 GHz and 6 GHz, respectively. The 
maximum insertion loss of 6.9 dB and 6.4 dB occurs at 1.18 GHz and 1.51 GHz for 3 mA and 100 
mA, respectively, for 20 dBm RF input power. It can be seen that the insertion loss increases by 4.7 
dB and 5.3 dB at 3 mA and 100 mA biasing current, respectively, as the RF input power increased 
from -20 dBm to 20 dBm.      
 
 
Figure 5-23: Measured insertion loss of diode at ON state for different biasing condition at RF input 
power of -20 dBm (left) and 20 dBm (right). 
 
 
Figure 5-24: Measured insertion loss of diode at ON state for different RF input power at DC biasing 
current of 3 mA (left) and 100 mA (right). 
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The isolation of a reverse biased diode, i.e. OFF state, is also measured at different conditions. The 
reverse biasing voltage is varied from 0 V to maximum allowable voltage of 50 V. The RF input 
power is varied as in the insertion loss measurement from -20 dBm to 20 dBm. The effect of varying 
the reverse biasing voltage on -20 dBm and 20 dBm input RF power levels is shown in Figure 5-25 
(left) and Figure 5-25 (right), respectively. The variation of the RF input power, on the other hand, 
for 0 V and 50 V reverse biasing is shown in Figure 5-26 (left) and Figure 5-26 (right), respectively. 
For the RF power input level of -20 dBm at 0 V biasing voltage, the diode measures a 22.3 dB and 
7.1 dB isolation at 1 GHz and 6 GHz, respectively. On the other side, for 50 V reverse biasing, the 
isolation improves slightly at 1 GHz by 1.1 dB and remains almost the same (6.9 dB) at 6 GHz. 
Increasing the RF input power to 20 dBm results in a similar isolation as of -20 dBm input power 
level at both 1 GHz (22.9 dB) and 6 GHz (7.4 dB) for 0 V reverse biasing. Similarly, for 50 V 
reverse biasing at an RF input power of 20 dBm, the diode measures an isolation of 24.0 dB and 
7.2 dB at 1 GHz and 6 GHz, respectively.  A 6.9 dB is the minimum measured isolation that occurs 
at 6.00 GHz for 50 V reverse biasing and -20 dBm RF input power whereas a 7.2 dB isolation is 
measured as the minima for 50 V and 20 dBm.  
 
 
Figure 5-25: Measured isolation of diode at OFF state for different biasing condition at RF input 
power of -20 dBm (left) and 20 dBm (right). 
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Figure 5-26: Measured isolation of diode at OFF state for different RF input power at DC reverse 
biasing voltage of 0 V (left) and 50 mA (right). 
 
Comparing the simulation and measurement insertion loss results at DC biasing current of 50 mA 
(rf = 18.4 Ω) indicates that both have the same value of 1.6 dB at 1 GHz. However, the measured 
insertion loss increases to 2.4 dB at 6 GHz whereas it remains almost constant in simulation. 
Similarly, at 100 mA biasing current (assuming lowest reported rf in the datasheet, i.e. 3 Ω) both 
simulation and measurement have a 0.3 dB insertion loss at 1 GHz but the measured insertion loss 
deviate by being 1 dB higher at 6 GHz. These variations at 6 GHz may be contributed to parasitic 
values associated with the diode being more influential on the diode impedance as the frequency of 
operation increases. The simulation environment, unfortunately, does not have the capability to 
replicate such measurements in the currently available 2018 version [323]. Similarly, the effect of 
the RF input power is only obvious in the measurement results. The diode insertion loss should not 
change based on the RF input power. However, the power level may cause a thermal effect and 
hence increases the losses as observed in the measurement results.   
On the isolation results comparison, both results have a good agreement. At 1 GHz, an isolation of 
23.8 dB is obtained by simulation assuming 0 V reverse biasing (CT = 0.1 pF) whereas 22.3 dB and 
22.9 dB are obtained by measurements at RF input power of -20 dBm and 20 dBm, respectively. 
Similarly, the simulated isolation at 6 GHz is 8.8 dB whereas a measured isolation of 7.1 dB and 
7.4 dB are obtained at -20 dBm and 20 dBm, respectively. Additional measurement results are 
presented in Appendix E. 
Another parameter to be discussed is the power handling capacity. The BAR50-02V has a maximum 
breakdown voltage (𝑉𝐵𝑅) rating of 50 V, i.e. a maximum 50 V peak voltage for DC reverse voltage 
and a superimposed RF signal. Then from (5-5) and (5-6), the maximum power that a reverse biased 
BAR50-02V diode can handle equals to 25 W ≈ 44 dBm on a 50 Ω system. Similarly, for a forward 
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biased diode, the maximum input power (𝑃𝑖𝑛,𝑚𝑎𝑥) can be calculated from (5-7). The measured 
forward resistance at 5 mA and 100 mA DC biasing current of the BAR50-02V PIN diode is 159.1 
Ω and 9.7 Ω, respectively. These values result in a maximum input power, on a 50Ω system, of 
~245 mW (24 dBm)/ 150 mW (22 dBm). However, the diode has a maximum practical power where 
at which its nonlinear behaviour increases dramatically. The effect of this behaviour can be seen in 
Figure 5-24, for example, at 20 dBm RF input power. This maximum power is determined via 
harmonics or intermodulation distortion products measurement as discussed next.  
In order to perform a nonlinear measurement of a component, the setup has to be validated first to 
isolate nonlinearity sources of the setup from the device under test. The minimum power level of 
the harmonics and intermodulation products that could be measured is limited by the setup and 
available equipment. Details of the measurement setups and obtained results are discussed in 
Appendix F for brevity. Although, the used setups are not optimal, the measurement indicates that 
the lower third intermodulation distortion product of the PIN diode is 60.3 dBc whereas 61.1 dBc 
is obtained for the upper third intermodulation distortion product when the input power level is 20 
dBm and the diode is biased at 10 mA. 
To conclude this section, the BAR50-02V PIN diode has been evaluated for some RF performance 
parameters. At an input power level of -20 dBm, the diode measures a maximum insertion loss of 
2.9 dB at 5.62 GHz and 1.4 dB at 5.81 GHz for 3 mA and 100 mA biasing current, respectively. 
The diode shows a maximum measured insertion loss of up to 6.9 dB and 6.4 dB that occurs at 1.18 
GHz and 1.51 GHz for 3 mA and 100 mA, respectively, for 20 dBm RF input power. An isolation, 
for -20 dBm RF input power, of as low as 7.2 dB is measured at 6.0 GHz for 0 V reverse biasing 
and 7.0 dB at the same frequency for 50 V reverse biasing. At 20 dBm input power level, a 7.5 dB 
isolation is measured as the minima at 6 GHz for 0 V reverse biasing and 7.4 dB for 50 V revers 
voltage biasing at the same frequency. The nonlinearity measurement suggests 60.3 dBc and 61.1 
dBc lower and upper third intermodulation distortion product, respectively, for 20 dBm input power 
level when the diode is biased at 10 mA.  
In the next section, the liquid metal being under test is discussed.  
5.2.2 Characterisation of Liquid Metal 
There exists limited published work about RF characterisation of liquid metal. In [331] a setup is 
presented to evaluate lifetime characteristic of a switch made of liquid metal by repeatedly 
measuring its insertion loss and isolation. The switch, however, is not made of liquid metal only. 
There are some chemical reagents used either to coat the channel or chemically treat the liquid 
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metal. Hence, the measured data do not reflect the loss associated with the liquid metal alone. 
Moreover, the measurement is conducted up to 20 GHz only. The study reports a measured isolation 
of ~20 dB at frequencies < 5 GHz and ~10 dB at > 5 GHz. In the ON state, an insertion loss in the 
range between 10 dB and 17 dB is measured at 20 GHz depending on the repetitive ON/OFF cycle. 
It is claimed that the high insertion loss is due to the deterioration of involved chemical reagents in 
the switch design.  
On the liquid metal linearity and power handling, four different monopole antennas are assessed in 
[332]. The compared monopole antennas are: 1) copper; 2) copper incorporating a varactor; 3) 
liquid metal; 4) electrochemically controlled liquid metal. For both of the copper and liquid metal 
antennas, the third intermodulation product output power level is not measurable as it is in noise 
floor level at an input power level below -20 dBm. At higher input power levels, both antennas have 
very comparable third intermodulation product where both measure around 75 dBc at 33 dBm input 
power. The electrochemically controlled liquid metal antenna measures around 60 dBc at an input 
power level of 30 dBm where gas bubbles started to form in the electrolyte above 30 dBm input 
power. The varactor version of the antenna is the only one that has a measureable third product at 
lower input power level. The varactor antenna measures less than 15 dBc at 24 dBm input power 
which the maximum power handling of the varactor. It could be concluded from this published 
work, the liquid metal antenna shows a similar linearity and power handling capability as of the 
conventional copper antenna.   
In our study here, the proposed test fixture of the liquid metal is of a more generalised form of 
measurement as no other components or chemical reagents are involved.  Moreover, the liquid metal 
is in direct contact with the copper transmission line and, hence, no other sources of nonlinearity 
should exist other than the materials themselves and their interactions. The purpose of all of these 
is to isolate the evaluated performance from any other factors enabling better assessment of the 
liquid metal.  
5.2.2.1 Test fixture Geometry and Analysis 
The test fixture to evaluate the liquid metal is the same as of the fixture presented for the PIN diode 
apart from having a microfluidic block to contain the liquid. The microfluidic block is made from 
PDMS. A prospective view of the test fixture is shown in Figure 5-27 (left). A cross-sectional view 
of the microfluidic block is shown in Figure 5-27 (right-top). The block is 5 mm-long, 6.5 mm-
wide and 3 mm-high. At the bottom of the microfluidic block, a channel is formed to accommodate 
the liquid metal. The channel width is 0.4 mm as of the copper transmission line. A pair of 
inlet/outlet is incorporated in the structure to facilitate liquid metal injection. The copper 
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transmission line has a gap of 0.5 mm in the middle of the substrate. The liquid metal when injected 
fills this gap and makes a direct contact with the copper transmission line as shown in Figure 5-27 
(right-bottom). Other dimensions are as of Figure 5-20.  
As there is no frequency operation limitation on the liquid metal under test as of the diode case, the 
liquid metal is evaluated up to 67 GHz which is the upper limit of available equipment. The 
connector used is still an end launch type as of the diode test fixture but a 1.85 mm (V-band) is used 
instead of the 2.92 mm (K-band).  
    
 
Figure 5-27: Liquid metal evaluation test fixture perspective view (left) and side view showing 
microfluidic structure details (right).  
 
The length (lc) and height (hc) of the channel are studied in simulations first. The effect of varying 
the length on the insertion loss and reflection coefficient is shown in Figure 5-28 (top) and (bottom), 
respectively. The 0.5 mm length is simply the liquid metal filling only the transmission line gap and 
no overlapping with microstrip transmission line. Increasing the liquid metal length to 1.5 mm, 
results in an overlap of 0.5 mm between the two conductors from each side. The overlap at each 
side is 1 mm when the channel length is 2.5 mm. The insertion losses of these different lengths are 
almost identical. The test fixture has a simulated insertion loss of less than 0.3 dB, 1.3 dB and 3.3 
dB at 10 GHz, 35 GHz and 67 GHz, respectively. The reflection coefficient remains, on average, 
below -20 dB for the different liquid metal lengths over the entire simulated frequency range.     
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Figure 5-28: Simulated effect of liquid metal length. 
 
Similarly, the height of the microfluidic channel and hence the liquid metal is studied in simulation 
as shown in Figure 5-29. The liquid metal height is varied from 0.1 mm to 1.0 mm. The height 
variation effect on the insertion loss, Figure 5-29 (top), is more dominant than the length case 
discussed earlier. The insertion losses increases as the height increases. This is as the discontinuity 
between the copper transmission line (17.5 μm copper cladding) and the liquid metal increases. The 
difference in insertion loss between these different heights is more obvious. In addition, at higher 
frequencies, height deviation between liquid metal and copper transmission line affect the signal 
propagation greater than at lower frequencies as the wavelengths become smaller. 
The insertion loss at 10 GHz remains below 0.8 dB for all cases. However, at 35 GHz a 1.2 dB, 1.4 
dB and 2.8 dB insertion loss results for 0.1 mm, 0.5 mm and 1.0 mm, respectively. The insertion 
loss increases to 3.2 dB, 4.5 dB and 4.9 dB for 0.1 mm, 0.5 mm and 1.0 mm, respectively, at 67 
GHz. On the reflection coefficient, the matching between the copper transmission line and liquid 
metal degrades as would be expected from the discontinuity between the two conductors. The 
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reflection coefficient remains, however, below around -10 dB at all cases over the entire 
simulated frequency band.   
 
Figure 5-29: Simulated effect of liquid metal height. 
 
During liquid metal injection, residues of liquid metal in the 1.5 mm-diameter inlet/outlet pair could 
happen. Figure 5-30 compares results of the extreme cases of empty and fully filled 1.5 mm-
diameter inlet/outlet pair. The performance degrades and both insertion loss and reflection 
coefficient significantly increase. The insertion loss increases by 1 dB at 10 GHz compared to the 
empty case. However, a 13.2 dB increase is observed at 35 GHz. At 67 GHz, the increase results in 
a 3.9 dB difference. The fully filled inlet/outlet pair case peaks at 11.59 GHz and 36.18 GHz with 
25.6 dB and 20.7 dB insertion loss, respectively. The reflection coefficient remains above -10 dB 
at most of the frequency band for the fully filled inlet/outlet pair case. It results in a -2.7 dB and -
3.0 dB reflection coefficient at 11.59 GHz and 36.18 GHz, respectively. It is clearly from these 
simulation results that the existence of liquid metal within the inlet/outlet pair should be avoided.   
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Figure 5-30: Simulated effect of unintended liquid metal filling of inlet/outlet pair. 
 
As the PDMS loss tangent has different reported values in the literature as discussed in Chapter 2, 
a study is performed here to check PDMS dielectric loss effect on the results. The insertion loss and 
associated reflection coefficient is plotted in Figure 5-31 (top) and (bottom), respectively. Three 
different PDMS loss tangents are studied. Using (2-3), which is a fitting of average measured loss 
tangent values up to 40 GHz, the loss tangent values up to 67 GHz is linearly interpolated. The 
generated data points from this equation are uploaded to the simulation model and referred to in 
Figure 5-31 legend as “PDMS (Data Points)”. The other two loss tangent values are defined as 0.02 
and 0.04 at 5 GHz. Also, to isolate the effect of the PDMS from the test fixture losses, a case of 
assuming a 2.5 mm-long and 0.1 mm-high liquid metal without microfluidic channel is simulated 
and labelled as “NO PDMS”.  
The insertion loss remains between 0.3- 0.4 dB at 10 GHz and 1.0-1.3 dB at 35 GHz for all simulated 
loss tangents. On the other hand, the NO PDMS case results in 0.2 dB and 0.8 dB at 10 GHz and 
35 GHz, respectively. These values indicate close insertion loss values at frequencies below 35 
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GHz. The effect of different loss tangent on the insertion loss starts to increase slightly above 35 
GHz. At 67 GHz, the loss tangents of 0.02, 0.04 and PDMS (Data Points) result in insertion losses 
of 2.2 dB, 2.7 dB and 3.2 dB, respectively. The NO PDMS case results in an insertion loss of just 
1.6 dB at 67 GHz. The reflection coefficient, on the other hand, remains on average below -20 dB 
for all simulated cases.        
 
Figure 5-31: Simulated effect of PDMS loss tangent. 
 
Based on these studies, a 2.5 mm-long (lc) and 0.1 mm-high (hc) microfluidic channel is to be 
fabricated. The width of the channel is to be as of the copper transmission line that is to say 0.4 mm. 
In the following section, fabrication and assembly of the proposed liquid metal test fixture are 
presented.    
5.2.2.2 Fabrication and Assembly 
First step in fabrication is to manufacture the printed circuit board (PCB). Although the PCB 
structure is very simple, the challenge is more of a mechanical nature. The 1.85 mm end launch 
connector holes are to be accurately located with respect to the transmission line centre. A 
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misalignment between transmission line and centre conductor of the connector would degrade the 
frequency response of the test fixture at the band of interest, especially towards to mm-wave 
frequencies. In addition, alignment of centres of the PCB and microfluidic channel block is of main 
importance. The connector holes, as they have to be accurately located, at both ends of the PCB are 
used as reference points to align other components. 
Figure 5-32 (left-top) shows a sample of a manufactured PCB. A bottom view of the central pin of 
the 1.85 mm end launch connector under the microscope is also shown in Figure 5-32 (left-bottom). 
On the PCB edges, highlighted by dotted circles, some manufacturing issues are observed. For 
example, the transmission line is not being flush with the PCB edge or has a non-uniform end due 
to the method of cutting as shown in Figure 5-32 (middle-top) and (middle-bottom). Another 
example shown in Figure 5-32 (right-top) which shows a gap between the transmission line and the 
edge of the PCB. Moreover, issues are faced with alignment between the connector and the 
transmission line as can be seen in Figure 5-32 (right-bottom). 
 
 
Figure 5-32: Sample of fabricated PCB (left-top), 1.85 mm central pin bottom view (left-bottom), 
PCB manufacturing issues (middle) and (right). 
 
Several PCB manufacturing iterations took place to reach an acceptable quality. Then, the procedure 
of bonding the microfluidic block to the PCB is undertaken. The PCB is spun coated with uncured 
PDMS as shown in Figure 5-33 (left) to form a coat layer for bonding purposes. The spin coated 
PCB is then cured at 95 °C for 2 hours. A laser cut template tool, shown in Figure 5-33 (middle), is 
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manufacture to enable removing cured PDMS (~75 μm-thick) from unwanted areas. The template 
has three windows enabling removing unwanted PDMS from only these locations using a knife 
with a 63 μm-thick blade. The cured PDMS has to be removed from the two connector areas and at 
the centre of the PCB (i.e. 2.5 mm-long and 0.4 mm-wide microfluidic channel area). An image of 
the PCB centre under the microscope showing peeled off PDMS is shown in Figure 5-33 (right).   
 
 
Figure 5-33: Photos of PCB under spinning (left), template tool to cut unwanted cured PDMS 
(middle), and microscopic view of coat layer and peeled off PDMS parts (right).  
 
The microfluidic block is milled out of a PDMS slab. The block is wiped and the inlet/outlet pair is 
flushed with isopropyl alcohol (99.7% volume/volume) and then dried using lint-free tissues. To 
remove any traces of the solvent, the block is placed in the oven at 100° C for 10 minutes. 
In order to place and bond the microfluidic block in the middle of the PCB, centred about the 0.5 
mm gap, an alignment tool is manufactured. The alignment tool is made from PTFE and the end 
launch connector holes are used as stated earlier as the alignment reference lines. The dimensions 
of the alignment tool is as of the PCB but made 1 mm-high to allow handling of the 3 mm-high 
microfluidic block. The PCB and alignment tool are bolted together to form one structure in 
preparation for bonding. In here, brush bonding is used instead of spin coating to avoid covering 
the connector and liquid metal channel areas. The bottom of the microfluidic block is brushed with 
an uncured PDMS using a fine 2/32″ diameter rigger brush.  Brushing enough PDMS towards only 
the outside edges of the block bottom to avoid PDMS blocking the microfluidic channel. The 
brushed block is placed using tweezers in the alignment tool window and gently pressed to make 
sure it sets firmly on the PCB. The assembled structure is shown in Figure 5-34 (top-left). The 
structure is then cured at 65° C for 4 hours.  
 
template tool 
windows 
spinner chuck 
uncured PDMS peeled off PDMS
PDMS cured coat layer
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Figure 5-34: Photos of microfluidic block bonding using brush bottom bonding (top-left), brush edge 
bonding (top-right), liquid metal flow off channel (bottom-left) and microfluidic block/transmission 
line alignment (bottom-right).   
 
Although the bottom of the block is brushed away from the channel area, it has been observed 
PDMS flowed partially to the microfluidic channel. This would cause electrical discontinuity 
between the liquid metal and the microstrip transmission line. To avoid uncertainty, an edge 
bonding is proposed as shown in Figure 5-34 (top-right). In here, spacers are used to allow brushing 
the block from the edges instead of the bottom. Using this configuration, a reasonable amount of 
uncured PDMS could be applied to have a better bonding strength. The structure is similarly cured 
at 65 °C for 4 hours.  
The edge bonded assembly shows a better bonding strength between the PCB and the microfluidic 
block. However, trials to inject liquid metal for both bonding configurations show some challenges. 
As the area of the block bottom around the microfluidic channel is not firmly bonded to the PCB, 
liquid metal is observed to flow off the channel as shown in Figure 5-34 (bottom-left). In addition, 
a misalignment of only few tenth of millimetres between the microfluidic block and the microstrip 
transmission line are observed as shown in Figure 5-34 (bottom-right). This causes the liquid metal 
not to overlap properly with the copper transmission line.        
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alignment tool microfluidic block microfluidic block alignment tool 
support tool 
liquid metal
inlet
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To overcome the above experienced challenges, alternative fabrication and assembly methods are 
to be taken. The newly proposed fabrication structure is mainly made of three parts. These three 
parts correspond to the three parts of the microfluidic block, namely the inlet/outlet, block and coat 
layer, and channel. Having the three parts fabricated together as an integrated structure would not 
only increase the robustness of the structure but would also improve alignment with the PCB. The 
fabrication structure has two moulds and inlet/outlet aligner as shown in Figure 5-35. The parts are 
manufactured using by laser etching and cutting. 
 
 
Figure 5-35: Prospective views of inlet/outlet aligner (left), block and coat layer mould (middle) and 
channel mould (right). 
 
The channel mould, Figure 5-35 (left), is laser etched to leave a 2.5 mm-long x 0.4 mm-wide x 0.1 
mm-high rectangle forming channel replica. The second mould, Figure 5-35 (middle), is 3 mm-
thick to fabricate the block and coat layer. It is to be noted that the bottom perspective view is what 
is shown in the figure. An opening of 6.5 mm x 5.0 mm is made to allow block formation. The 14 
mm-long x 15 mm-wide area of the bottom layer is laser etched by 0.1 mm to enable forming the 
coat layer. The third part is to facilitate inlet/outlet pair opening and to ensure their alignment with 
other parts. The inlet/outlet pairs are made using a 0.5 mm-diameter needle inserted into a 1.5 mm-
OD tube.  
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By bolting the three parts together, the microfluidic structure along with coat layer are all integrated 
as one piece microfluidic structure. This does not only fabricate the whole microfluidic structure as 
a one integrated part in a single fabrication process but it is, in addition, advantageous in terms of a 
better mechanical robustness and alignment with the PCB. Moreover, the moulds are made as such 
to fabricate six microfluidic blocks in a single fabrication process. The same moulds are also used 
to bond the PCB to the microfluidic structure which minimise alignment issues. The moulds are 
made of a polymethyl methacrylate (PMMA) thermoplastic which is thermally stable and resistant 
to solvents. The fabricated parts are shown in Figure 5-36. 
To cast the microfluidic block, the channel, and block and coat layer moulds are bolted together 
first. Then, PDMS is poured into the block opening using a pipette. PDMS flows to cover the 0.1 
mm-high engraved area to form the coat layer along with the channel and main block as shown in 
Figure 5-36 (top-left). After that, the inlet/outlet pair part is inserted and fastened together with the 
other two moulds as shown in Figure 5-36 (top-right). A side view under the microscope of the 
needle-tube assembly used to create the inlet/outlet pairs is shown too. The structure is then placed 
in an oven at 65 °C for 4 hours to cure. 
The cured microfluidic blocks are shown, as a bottom view, in Figure 5-36 (bottom-left) with a top 
view of a single microfluidic structure. The microfluidic structures are then prepared for bonding. 
The coat layers and block bottoms of the microfluidic structures are brush bonded with uncured 
PDMS. Next, already prepared PCBs, Figure 5-36 (bottom-middle) is flipped over and placed on 
the bottom layer of the microfluidic blocks. Both parts are then bolted together. The assembled 
structure is after that cured in an oven at 95 °C for 2 hours. The final assembled structure is shown 
in Figure 5-36 (bottom-right). 
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Figure 5-36: Photos of fabricated casting moulds highlighting some casting (top) and bonding 
(bottom) steps.  
 
5.2.2.3 Simulation and Measurement Results Discussion 
Before presenting the results of the liquid metal under test, a microstrip copper transmission line 
version of the PCB is presented as a reference. The 25 mm-long copper transmission line would 
enable simulation and measurement comparison of known materials (i.e. copper and RO4003C 
microwave substrate). Therefore, associated losses before introducing liquid metal and PDMS 
could be understood.  
Figure 5-37 compares simulation and measurement results of both insertion loss and reflection 
coefficient of the copper transmission line. The insertion loss, Figure 5-37 (top), shows some 
deviation between simulation and measurement results. At 10 GHz, the insertion loss is 0.3 dB and 
0.7 dB for the simulation and measurement result, respectively. The transmission line has a 
simulated and measured insertion loss of 0.8 dB and 2.1 dB, respectively, at 35 GHz. At the highest 
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measured frequency of 67 GHz, the simulated value is 1.6 dB whereas the measured insertion loss 
is 7.1 dB. The reflection coefficient, Figure 5-37 (bottom), stays on average below -20 dB for both 
simulation and measurement results.   
 
Figure 5-37: Simulated and measured insertion loss (top) and reflection coefficient (bottom) of 
copper. 
 
As can be observed, the measured losses are higher than simulated ones especially at higher 
frequencies. This difference could be attributed to the specified value of the loss tangent of the 
substrate in the simulation model and to the connector losses. The substrate is defined having a loss 
tangent of 0.0027 at 10 GHz. The full wave solver assumes a constant loss tangent fit over the 
frequency range of interest. The connector manufacturer provides an insertion loss data for a 1.85 
mm, however, for a flange type connector connected in back-to-back configuration via 0.009 in-
diameter pin. Each flange connector exhibits less than 0.3 dB insertion loss at 67 GHz [333]. 
However, using a 2.4 mm end launch connector on a 0.762 mm-thick Rogers RO4350B (ɛr = 3.48, 
tanδ = 0.0037 at 10 GHz) results in a measured 5.3 dB loss per connector and 1.5 dB board loss at 
50 GHz [334, 335]. A thinner substrate (0.168 mm-thick) of RO4350B has a board loss of about 
Chapter 5: Comparison and Characterisation of Liquid Metal for RF Applications 
 
246 
 
2.4 dB at 70 GHz [336]. It could be assumed that the used board in this research (RO4003C) has a 
similar board loss as of the RO4350B as these two boards are very identical in terms of their 
properties [336]. Therefore as the total measured insertion loss of Figure 5-37 (top) at 67 GHz is 
7.1 dB, the 1.85 mm end launch connector may have a loss of about 2.4 dB at this frequency 
assuming a 2.4 dB board loss.       
Another point that could be observed from the insertion loss plot of Figure 5-37 (top), is the change 
of measured data slope at the frequency range above around 55 GHz. This is as at such relatively 
high frequency the radiation loss is dominant whereas at low frequency the board loss is dominant 
[334, 335]. The board loss has around 0.06 dB/GHz slope below 55 GHz whereas the radiation loss 
has a slope of around 0.3 dB/GHz above 55 GHz. In [334], the thicker 0.762 mm-thick RO4350B 
board has a similar board loss slope of 0.06 dB/GHz whereas a slightly higher, as it is thicker, 
radiation loss slope of 0.44 dB is obtained.  
Measuring the copper case, however, with a bonded PDMS microfluidic block would indicate the 
PDMS block effect on the copper only measured insertion loss. Figure 5-38 shows measured 
insertion loss comparison of both cases. The loss is slightly increased for the copper with PDMS 
case. The insertion loss increases by just a 0.1 dB at both 10 GHz and 35 GHz. The maximum 
increase is not more than 0.5 dB at frequencies below the 55 GHz. On the radiation loss at the high 
end of the band, the addition of the PDMS increases the relative effective permittivity and hence 
damps the radiation loss slope. The copper with PDMS case has 1.3 dB less loss than the copper 
only case at 67 GHz. The reflection coefficient remains mostly within the same level. It could be 
concluded from this insertion loss measurement comparison that the addition of the PDMS block 
has no great effect of the copper transmission line.       
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Figure 5-38: Measured insertion loss (top) and reflection coefficient (bottom) of copper with and 
without PDMS block. 
 
Before measuring the liquid metal case, liquid metal has to be injected into the microfluidic channel. 
The required volume to fill the channel (2.5 mm-long x 0.4 mm-wide x 0.1 mm-high) is 100 nL. 
Precise injection of such relatively very small volume is not a straight forward procedure 
considering available equipment. Some challenges are experienced in filling the channel with this 
very relatively small amount of 100 nL without residues in the microfluidic block inlets. These 
residues have an effect on the actual results as can be seen in simulated results of Figure 5-30. 
Measurement results of several attempts are provided in Appendix G. Nonetheless, as the scope 
here is to evaluate the liquid metal, new sets of microfluidic blocks are fabricated without the inlets. 
Then, a 0.3 mm-diameter needle is used to fill the channel before the bonding process. Next, the 
microfluidic block is bonded as discussed above to the PCB. Figure 5-39 shows, under the 
microscope, a sample of a casted channel before (top-left) and after (top-right) liquid metal filling. 
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Figure 5-39: Image of a casted channel under microscope (top-left), filled channel (top-right), photo 
of liquid metal with PDMS microfluidic block test fixture (bottom-left) and liquid metal only test 
fixture (bottom-right) ; scale bar (thick white line) equals to 0.5 mm. 
 
The simulation and measurement results of the bonded PDMS microfluidic block test fixture, 
Figure 5-39 (bottom-left), are shown in Figure 5-40. The liquid metal enclosed within the PDM 
microfluidic channel has a simulated and measured insertion loss of 0.3 dB and 0.8 dB, respectively, 
at 10 GHz. An insertion loss of 1.3 dB and 3.6 dB is obtained from simulation and measurement, 
respectively, at 35 GHz. At 67 GHz, the liquid metal has a simulated insertion loss of 3.7 dB 
whereas an insertion loss of 13.9 dB is measured. As of the copper case, the simulated insertion loss 
values underestimated in comparison with the measured ones. These as discussed in the copper case 
could be attributed to loss tangent specified values in simulation model and connector loss. The 
reflection coefficients, Figure 5-40 (bottom), of both the simulation and measurement remain on 
average below -20 dB. However, the measured reflection coefficient increases to around -10 dBm 
from 30 GHz to end of the measured band.    
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Figure 5-40: Simulated and measured insertion loss (top) and reflection coefficient (bottom) of liquid 
metal. 
 
Finally, a comparison between copper and liquid metal is discussed. Therefore, a liquid metal only 
case, Figure 5-39 (bottom-right), has been measured. The liquid metal in this case wets the gap and 
overlaps with the copper transmission line around it. Figure 5-41 compares the copper and liquid 
metal with and without the PDMS microfluidic blocks. As can be seen, the copper and liquid metal 
only cases are almost identical. Both cases measure an insertion loss of 0.7 dB and 2.1 dB at 10 
GHz and 35 GHz, respectively. At 67 GHz, the liquid metal case has a 6.4 dB insertion loss whereas 
the copper case has a 7.1 dB insertion loss. It is to be noted that the coaxial-to-microstrip transition 
between the 1.85 mm end launch connector and the PCB microstrip transmission line have an effect 
on the radiation loss at these high frequencies. The radiation loss could be significantly minimised 
by applying a different PCB layout such as grounded coplanar waveguide [335, 337, 338] which 
has not been applied due to PCB fabrication limitations. 
On the copper and liquid metal with PDMS cases, the two are very similar in the low frequency 
range. They both measure the same insertion loss of 0.8 dB at 10 GHz, for example. The liquid 
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metal with PDMS block case starts to deviate at higher frequency. At 35 GHz, the liquid metal with 
PDMS block has a higher measured insertion loss by 1.4 dB than the copper with PDMS block case. 
The difference increases even further with frequency resulting in a maximum difference of 8.1 dB 
at 67 GHz. As the copper and liquid metal only cases have almost identical results, this difference 
is not attributed to the material under test, i.e. liquid metal. Moreover, the addition of the PDMS 
microfluidic block to the copper has no significant effect which eliminates the microfluidic block 
influence too. Two possible causes might have influenced the liquid metal with PDMS block result. 
First, the residue of liquid metal tiny beads around the channel as seen in Figure 5-39 (top-right). 
Second, is the uncertainty of the coaxial-to-microstrip transition alignment which might explain 
why the result deviates at the high frequency end rather than the entire frequency band. Nonetheless, 
liquid metal in itself indicates an identical performance as of a typical conductor in the measured 
frequency band from 20 MHz to 67 GHz.            
         
 
Figure 5-41: Comparison of measured insertion loss of copper and liquid metal with and without 
PDMS microfluidic block. 
 
The measurements of the insertion loss for the liquid metal within the PDMS channel, liquid metal 
without the PDMS channel and copper are repeated after two weeks where components are kept at 
room temperature. Figure 5-42 shows the repeated measurements for the three test fixtures. The 
initial measurement is labelled as Measurement I. The other two measurements are the ones done 
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after two weeks. However, the difference between Measurement II and Measurement III is after 
dismounting and remounting the two 1.85 mm end-launch connectors. The three measurements are 
in very good agreement with each other. 
 
 
Figure 5-42: Comparison of repeated measurements of insertion loss of liquid metal within PDMS 
channel (top), liquid metal (middle) and copper (bottom). 
 
5.2.3 Performance Comparison of PIN Diode, Copper and Liquid Metal 
The measured insertion loss of the three evaluated components are compared in Figure 5-43. As 
discussed earlier, the PIN diode performance is dependent on the DC biasing condition and RF 
input power level. Two DC biasing conditions are plotted. The DC biasing current at 3 mA and 100 
mA represent the two ends of the biasing condition of the BAR50-02V PIN diode which shows the 
diode performance in its worst and best performance to give a fair comparison to the copper and 
liquid metal.  Although the insertion loss of both copper and liquid metal show independency on 
the RF input power level, -10 dBm is selected for all plotted curves to be consistent.  
Liquid Metal within PDMS Channel
Liquid Metal
Copper
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Figure 5-43: Comparison of measured insertion loss of diode at 3 mA and 5100 mA DC biasing 
current, copper and liquid metal.   
 
At 1 GHz, the PIN diode has an insertion loss in the range in between 1.8 dB and 0.3 dB at 3 mA 
and 100 mA DC biasing condition, respectively. Both copper and liquid metal measure at 1 GHz 
an insertion loss of 0.2 dB. The diode insertion loss at 3 mA biasing increases to 2.3 dB at 3 GHz 
whereas increases to 0.5 dB at 100 mA. The copper and liquid metal increases by only 0.1 dB, i.e. 
to 0.3 dB, at 3 GHz. At the end of the sub-6 GHz band, the 3 mA biased diode has a measured 
insertion loss of 2.7 dB. The diode measures an insertion loss of 1.4 dB at 100 mA DC biasing 
current. On the other hand, the copper measures an insertion loss of 0.4 dB whereas a 0.5 dB is 
measured for the liquid metal. It can be concluded that the 100 mA biased diode has a closer 
insertion loss to copper and liquid metal at frequencies below 3 GHz. The difference between 100 
mA biased diode, and copper and liquid metal is within 0.2 dB. However, as the frequency increases 
beyond 3 GHz the difference increases reaching to a difference of about 1.0 dB at 6 GHz compared 
to copper and liquid metal. This maximum difference is even higher in the case of 3 mA biasing 
where it reaches to about 2.3 dB at 6 GHz.   
The maximum measured difference between the diode, and copper and liquid metal occurs at 1.18 
GHz when the diode is biased at 3 mA and the RF input power level is 20 dBm. The diode measures 
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at these conditions an insertion loss of 6.9 dB whereas both copper and liquid metal have 0.2 dB 
insertion loss. This results in the maximum difference being 6.7 dB. Table 5-6 lists further measured 
insertion loss results at 3 mA and 100 mA biasing current and -20 dBm and 20 dBm RF input power 
of the diode in comparison to copper and liquid metal.  
 
Table 5-6: Comparison of measured insertion loss (dB) of diode, copper microstrip transmission line 
and liquid metal. 
Frequency (GHz) Diode 
3 mA/100 mA at -20 dBm 
3 mA/100 mA at 20 dBm 
Copper Liquid Metal 
1 
1.6/0.3 
6.3/5.6 
0.2 0.2 
3 
2.0/0.5 
3.4/2.6 
0.3 0.3 
6 
2.4/1.4 
3.3/2.7 
0.4 0.4 
10 - 0.7 0.7 
35 - 2.1 2.1 
67 - 7.1 6.4 
Maxima 
2.9 dB at 5.62 GHz/1.4 dB at 5.81 GHz 
6.9 dB at 1.18 GHz/6.4 dB at 1.51 GHz 
7.1 at 67.00 GHz 6.4 at 67.00 GHz 
 
Although the diode shows a better insertion loss, below 3 GHz, at 100 mA DC biasing current, the 
DC power consumption would relatively be high at this biasing condition. At 100 mA biasing 
current, the BAR50-02V PIN diode measures a DC power consumption of around 95 mW. The 
power consumption drops to about 2.5 mW at 3 mA biasing current. The liquid metal on the other 
hand, could be in general actuated by either a micropump or electrical methods. A typical 
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micropump [226, 339, 340] consumes about 200 mW whereas reported electrical methods have a 
power consumption ranging from 1 mW to 16 mW depending on the method and design [341, 342].  
Another point to be mentioned is that to keep a diode switched ON, the DC biasing has to be 
continuously applied. Similarly, some of the electrical actuation methods need to apply the DC 
biasing continuously to keep the liquid metal in place. However, the micropump could be used just 
to deliver the liquid metal to the desired location and then switched OFF. Taking an example, to 
have some comparison, of an antenna that needs to be reconfigured say to another frequency for 60 
s. If the BAR50-02V PIN diode is used, the consumed power would be 150 mW or 5700 mW at 3 
mA or 100 mA, respectively, during the 60 s. On the other hand, the micropump would need literally 
less than a 1 s to move the liquid metal 1 mm which is about the diode length. This results in a 
power consumption of 200 mW. The electrical method would result on average of 8.5 mW to 510 
mW depending on the method of actuation. In addition, the diode typically have a much higher 
consumption, up to 20 times, at temperature of 100 °C than at 25 °C [343, 344].  
Finally, although the linearity and power handling of the components under test were not possible 
to measure due to lack of suitable equipment, some discussion is highlighted here. The diode is 
known to be a non-linear device and referring to Appendix F, about -60 dBc third intermodulation 
product could be measured at 20 dBm RF input power. In contrast, liquid metal is expected to be 
highly linear as it is a passive component [297, 345]. In [346], around -80 dBc is measured at 20 
dBm input power for a liquid metal monopole antenna. This is higher by 20 dB than the measured 
value of the BAR50-02V on the test fixture for the same RF input power. 
On the power handling, BAR50-02V PIN diode has a maximum dissipation power limit of about 
24 dBm which limits its RF power handling. Moreover, the diode is observed to have significantly 
higher harmonic levels at above 13 dBm input power. Based on these, the BAR50-02V PIN diode 
may be practically limited to power input level of ≤ 13 dBm. On the other hand, liquid metal as of 
conventional conductors have much higher power handling limits. The power handling limits would 
be controlled by other factors, such as the substrate, rather than the liquid metal itself [345, 346]. 
5.3 Conclusion 
This chapter presents two like for like comparisons of PIN diode and liquid metal RF devices. The 
first comparison evaluates the RF performance of applying them in pattern reconfigurable mono-
dipole antennas. In the monopole mode, the simulated and measured resonant frequency of the PIN 
diode antenna shifts downwards from the designed frequency (i.e. 3.50 GHz) by 27%. This is 
attributed to the diode effect on the antenna input impedance as it is an active element. In contrast, 
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as the liquid metal is an ideal-like conductor, negligible shift (< 0.6%) on the resonant frequency is 
observed for both simulated and measured results of the liquid metal monopole antenna. The 10 dB 
return loss frequency bandwidth for both antennas is about 13%. The measured co-polar radiation 
patterns of both diode and liquid metal antennas are very similar. Similarly, the cross-polar 
components of both antennas are within similar levels in the xz-plane. In the yz-plane, the cross-
polar component of the diode antenna is mostly higher by at least 10 dB when compared to the 
liquid metal antenna. This might be attributed to the asymmetry caused by the biasing circuitry as 
the cross-polar level of a no biasing-component case shows a similar level as of the liquid metal 
antenna. Although the liquid metal radiation pattern measurements are performed without the 
presence of the actuating tubings, the cross-polar components are expected to be higher than what 
have been reported. Both antennas have very similar simulated realised gains that is a 3.3 dBi and 
3.8 dBi for diode and liquid metal, respectively. However, the measured realised gain of the liquid 
metal antenna (1.0 dBi) is 1.3 dB higher than that of the diode antenna (-0.3 dBi). Both antennas 
have similar simulated efficiencies. The simulated radiation and total efficiency of the diode 
antenna are 88% and 87%, respectively. On the other hand, the liquid antenna has a 90% for both 
radiation and total efficiency. However, according to the estimated measured total efficiency, the 
liquid metal antenna (47%) is 9% higher than the diode antenna (38%). 
In the dipole mode, the simulation results indicate that the diode antenna resonates at 3.51 GHz 
whereas the liquid metal has a resonance of 3.48 GHz. Both antennas show measured resonances 
within not more than 3% error with respect to designed resonance of 3.50 GHz. However, the liquid 
metal antenna has a 4% higher measured 10 dB return loss frequency bandwidth than the diode 
antenna. A simulated realised gain of 2.8 dBi and 4.6 dBi is obtained for the diode and liquid metal 
antenna, respectively. The simulated realised gain of the liquid metal antenna is higher by about 2.0 
dB. On the realised gain measurement results, the diode antenna measures 0.5 dBi whereas the 
liquid metal antenna measures 1.9 dBi. That is the liquid metal antenna has 1.4 dB of more realised 
gain than the diode antenna. The simulated radiation efficiency of the diode antenna (59%) is less 
than the simulated radiation efficiency of the liquid metal antenna (88%) by about 30%. This is due 
to the insertion loss of the diode in the ON state. The total efficiency of the diode antenna has a 
simulation result of 57% whereas the liquid metal antenna has an 88% resulting in a similar 
difference between the two antennas. The estimated measured total efficiency of the diode antenna 
(34%) is less than the liquid metal antenna (47%) by 13%.     
In the second like for like comparison, characterisation test fixture results of the PIN diode and 
liquid metal are presented. Both components are evaluated as being part of a microstrip transmission 
line on like for like test fixtures. The diode is evaluated up to 6 GHz which is the maximum 
Chapter 5: Comparison and Characterisation of Liquid Metal for RF Applications 
 
256 
 
frequency of operation. On the other hand, the liquid metal has no frequency of operation limits as 
it is a conductor. Therefore, the liquid metal is evaluated up to 67 GHz which is the maximum 
frequency of the available network analyser. As a reference, a copper microstrip transmission line 
test fixture is also evaluated up to 67 GHz. The diode has an insertion loss ranging from 0.3 dB to 
6.3 dB at 1 GHz depending on biasing condition and RF input power level. In contrast, the insertion 
loss of the copper and liquid metal does not need biasing and are not affected by the RF input power 
level. At 1 GHz, both the copper and liquid metal measure an insertion loss of 0.2 dB. The diode 
insertion loss measures at 3 GHz a minima of 0.5 dB and a maxima of 3.4 dB depending on the 
biasing condition and RF input power level. On the other hand, the measured insertion loss increases 
slightly to 0.3 at 3 GHz for the copper and liquid metal. At the maximum frequency of operation of 
the diode, the insertion loss measures a value in between 1.4 dB and 3.3 dB. In comparison, the 
copper and liquid metal measure an insertion loss of just 0.4 dB at 6 GHz. At the sub-6 GHz band, 
the maximum measured insertion loss is 6.9 dB at 1.18 GHz and 0.4 dB at 6 GHz for the diode, and 
both copper and liquid metal, respectively. It is clearly that the copper and liquid metal performance 
excels the diode by several decibels.  
On the measured frequency band above 6 GHz, the copper and liquid metal measure similar 
insertion loss of 0.7 dB and 2.1 dB at 10 GHz and 35 GHz, respectively. At 67 GHz, the copper and 
liquid metal differ slightly. The copper measures an insertion loss of 7.1 dB whereas the liquid 
metal measures 6.4 dB. The insertion loss at these relatively high frequencies is mainly dominated 
by the radiation loss rather than the board loss which could be minimised by applying a different 
coax-to-microstrip transition layout.    
The comparison work presented for the PIN diode and liquid metal pattern reconfigurable mono-
dipole antennas is compiled into a journal paper and awaiting submission. Similarly, the simulated 
and measured work presented for the RF characterisation of the PIN diode, copper and liquid metal 
is compiled into a journal paper and awaiting submission. 
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Chapter 6 
6 Millimeter-Wave Phased Array Antenna 
with Pattern Reconfigurable Liquid Metal 
Dipole Elements 
Users within mobile networks require ever increasing data rates. However, the frequency spectrum, 
reserved for mobile networks is highly saturated. The millimetre wave (mmWave) spectrum, by 
contrast is relatively underutilised. Nonetheless, this area of the spectrum suffers from higher 
propagation losses, necessitating the use of highly directional antennas. To support mobility these 
antennas require beam steering capabilities. For several applications wide beam scanning capability 
is required. A valuable approach for increasing the beam scanning range is to apply a pattern 
reconfigurable element into a phased array antenna [63, 347-350]. The pattern reconfigurable 
element adds an extra degree of freedom to the phased array besides excitation amplitude and phase. 
Although several works [351-354] have presented designs based on this approach, the sidelobe 
performance of those antennas is generally quite poor. In this work, a preliminary study to employ 
the liquid metal to dynamically reconfigure the beam of each element to enable a wider scanning 
range along with the attention to lower the sidelobe level is conducted.  
There is a limited amount of published work on the topic of using liquid metal to create a beam 
reconfigurable mm-wave antenna. A focal plane array is presented in [175] where the antenna is 
incorporated a number of interconnected reservoirs. When a reservoir is filled by mercury, it acts 
as a patch antenna. The beam can be steered by filling and emptying the reservoirs one at a time. 
The antenna operates at 30 GHz and has a maximum measured realised gain of 24.8 dBi. However, 
the antenna has a beam scanning range of only up to ±30° and a peak sidelobe level of 8 dB. The 
array has an estimated measured total efficiency, based on simulated directivity of 29 dBi, ranging 
from about 18% to 38%. Moreover, the antenna utilises a hazardous material (mercury).  
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In the reminder of the chapter, the proposed antenna geometry and reconfiguration modes are 
highlighted. Then, the microfluidic channel design is discussed followed by preliminary simulation 
results, which are presented and discussed. Finally, the chapter concludes with a summary and 
fabrication remarks. 
6.1 Antenna Geometry and Reconfiguration Modes 
To start with, the principal of operation of the pattern reconfigurable dipole element is illustrated 
first. Figure 6-1 shows illustrative schematic of three configurations. Configuration I, Figure 6-1 
(left), represents a planar dipole on top layer of a substrate whereas in Configuration II, Figure 6-1 
(middle), a ground plane is added on the bottom layer. Configuration III, Figure 6-1 (right), is as of 
Configuration II but one of the dipole arms is moved to the bottom layer of the substrate and 
connected to the ground plane.    
 
 
Figure 6-1: Illustrative schematic of different dipole element configurations. 
 
The 3D radiation pattern of the dipole in Configuration I is expected to be omnidirectional in the 
yz-plane with nulls along the x-axis as shown in Figure 6-2 (left).  Adding the ground plane, i.e. 
Configuration II, causes the radiation pattern to reflect towards the +z-axis as shown in Figure 6-2 
(middle). In Configuration III as the dipole arms are in different planes, the element possesses some 
asymmetry causing the radiation pattern to skew as can be seen in Figure 6-2 (right). The radiation 
patterns at the xz-plane of the three configurations are plotted in Figure 6-3. 
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Figure 6-2: 3D radiation patterns (realised gain) for three configurations shown in Figure 6-1.  
 
 
Figure 6-3: Simulated normalised radiation patterns in xz-plane of three configurations shown in 
Figure 6-1. 
 
The antenna is based on a sub-6 GHz design from the literature [355] where the dipole arm locations 
are fixed. In [355], two pairs of parasitics are used to steer the beam by changing their impedance 
using a reactive component. The antenna has an asymmetrical scanning range (-34° to 40°) as the 
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dipole arm locations are not reconfigurable. However using microfluidics and liquid metal, the arm 
locations of the proposed dipole element could be altered enabling a better pattern reconfigurability. 
Moreover, the parasitics could be altered by filling/emptying them as per the required pattern 
direction.  
The proposed dipole element is shown in a 3D perspective in Figure 6-4. The structure consists of 
two microfluidic structures on the top and bottom layer. The top layer microfluidic structure has 
microfluidic channels forming the dipole and parasitics whereas the bottom one has a channel 
forming the bottom layer dipole. The microfluidic structures rest on a microwave substrate. The 
ground plane, on the bottom layer, has a triangular cut out to enable feeding. Both dipoles are fed 
by copper transmission lines.   
 
 
Figure 6-4: 3D perspective geometry of the proposed pattern reconfigurable liquid metal dipole 
element. 
 
Based on the above discussion, the element has two modes of operation. The first mode is when the 
right arm on the top layer and left arm on the bottom layer of the dipoles are filled. Also in this 
mode, the left hand side parasitics are filled as shown in Figure 6-5 (left). This mode is referred 
hereafter as Mode L. The second mode is when the left side of the dipole on the top layer and the 
right arm of the dipole on the bottom layer are filled as shown in Figure 6-5 (right). Similarly, the 
right side parasitics are filled for this mode. This mode is labelled as Mode R.  
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The antenna is based on a 0.25 mm-thick Rogers RT5880 substrate having a relative permittivity 
of 2.2 and a loss tangent of 0.0009 at 10 GHz. The final proposed antenna element is shown in 
Figure 6-6. Dimensions are summarised in Table 6-1. 
 
 
Figure 6-5: Pattern reconfigurable liquid metal element modes of operation. 
 
 
Figure 6-6: Pattern reconfigurable liquid metal element structure: top-view of top layer (left), top-
view of bottom layer (middle) and side-view of antenna stack-up (right). 
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Table 6-1: Dimensions summary of pattern reconfigurable liquid metal dipole element. 
Dimension Value (mm) Description Dimension Value (mm) Description 
t 0.018 Copper thickness hC 0.07 
Microfluidic channel 
height 
wD 0.25 Dipole width hMF  0.60 
Microfluidic structure 
height 
lD 3.40 Dipole length lP 2.50 Parasitic length 
lDP 1.60 Dipole-parasitic distance wP 0.25 Parasitic width 
lF 4.00 Feedline length lPP 0.50 
Parasitic-parasitic 
distance 
wF 0.75 Feedline width hS 0.25 Substrate height 
wGP 4.00 Ground plane width lS 6.00 Substrate length 
lCut 3.00 Ground plane cut-out wS 8.00 Substrate width 
 
The arrayed antenna is shown in Figure 6-7 where the microfluidic structures are hidden for 
illustrative purposes. The proposed array has six elements that are spaced 0.5λ0 (5.77 mm) at 26 
GHz. The overall length of the array is 37.5 mm. The array has a width of 8.0 mm. The array overall 
height, including the microfluidic structures, is 1.468 mm. The element designations are shown in 
Figure 6-7 (top).  
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Figure 6-7: Perspective view of proposed pattern reconfigurable liquid metal dipole element phased 
array antenna. 
6.2 Microfluidic Channel Design 
A perspective view of the element showing the microfluidic structures is shown in Figure 6-8. The 
microfluidic structures are designed to just cover the areas of interest rather than the entire 
microwave substrate and made 0.6 mm-thick in order to minimise dielectric loss. The microfluidic 
structure on the top layer is 37.5 mm-long and 6.2 mm-wide whereas the bottom layer microfluidic 
structure is 36.2 mm-long and 4 mm-wide. Each dipole arm, Figure 6-9, has a pair of inlet/outlet to 
enable liquid metal actuation. Similarly, parasitics have pairs of inlet/outlet. The inlet/outlet is 0.4 
mm-diameter and is all the way through and rests on a shoulder that is 0.1 mm above the channel. 
Then, the diameter reduces to 0.2 mm-diameter through the rest shoulder. This enables the use of a 
standard PTFE tube that has an outer diameter of 0.4 mm and inner diameter of 0.2 mm. A 0.25 
mm-wide PDMS wall is inserted between dipole arms to keep the liquid metal within desired arm. 
A Laplace barrier could also be used which then reduces the inlet/outlet pair to one.    
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Figure 6-8: Perspective view of proposed element showing microfluidic structures. 
 
 
Figure 6-9: Top and side views of top layer (top) and bottom layer (bottom) microfluidic structure. 
6.3 Simulation Results and Discussion 
The liquid metal dipole element simulated reflection coefficient is shown in Figure 6-10. The 
element resonates at 26.35 GHz. The dipole element has a 10 dB frequency bandwidth of 13.7%. 
The radiation patterns in the xz-plane for both modes of operation, i.e. Mode L and R, are shown in 
Figure 6-11. The main beam is steered to -15° and +15° for the Mode L and R, respectively. The 
element has a simulated realised gain of 5.3 dBi where it is 3.9 dBi without the parasitics. The 
simulated radiation efficiency of the element is 84%. The total efficiency is as of the radiation 
efficiency as the element is well matched. 
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Figure 6-10: Simulated reflection coefficient of pattern reconfigurable liquid metal dipole element. 
 
 
Figure 6-11: Simulated radiation patterns in xz-plane of pattern reconfigurable liquid metal dipole 
element.  
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The frequency response of the two central elements, that is Element 3 and 4, is shown in 
Figure 6-12. The response is very similar to the single element that is shown in Figure 6-10. The 
frequency response of all other elements of the arrayed antenna remains within the 26.35 GHz.    
 
 
Figure 6-12: Simulated reflection coefficient of Element 3 and 4 of arrayed antenna. 
 
The radiation patterns, of Mode R, in the xz-plane of the arrayed antenna are shown in Figure 6-13 
for the steering angles of 0°, 10°, 20° and 30°. The beam is steered by applying a progressive phase 
shift between the elements. The array antenna has a maximum realised gain of 12.4 dBi at 0° 
steering angle. The realised gain remains almost constant at the other steering angles. At 10°, the 
simulated realised gain is 12.6 dBi. The 20° steering angle resulted in a simulated realised gain of 
12.5 dBi. A realised gain of 12.4 dBi is obtained at 30° steering angle according to the simulation. 
The 3 dB beam bandwidth for the four steering angles is around 18°. The sidelobe level remains 
better than 10 dB in the simulated steering angles. Peak sidelobe levels result at 12.4 dB, 13.2 dB, 
13.3 dB and 12.8 dB for 0°, 10°, 20° and 30°, respectively. 
In Figure 6-14, the steered beams to 40°, 50°, 60° and 70° are shown. The array antenna has a 
simulated realised gain of 11.9 dBi at 40°. Increasing the steering angle to 50°, the realised gain 
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drops slightly to 11.0 dBi. However, increasing the steering angle further to 60° and 70° causes the 
realised gain to drop to 9.1 dBi and 7.5 dBi, respectively. The 3 dB beam bandwidth remains around 
22° at 40°, 50° and 60° but increased to 35° at 70° steering angle. The increase in the 3 dB 
beamwidth as the steering angle increased is as the sidelobe starts to combine with the main lobe. 
It is noted that at steering angles greater than 45°, the backlobe size increases significantly. At 40° 
and 50° steering angle, the sidelobe level remains above 10 dB where it results in 11.8 dB and 11.0 
dB, respectively. The sidelobe level drops to 8.8 dB at 60° steering angle and to 7.1 dB at 70° 
steering angle.   
 
 
Figure 6-13: Simulated radiation patterns (realised gains) in xz-plane of arrayed antenna at steering 
angles of 0°, 10°, 20° and 30°. 
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Figure 6-14: Simulated radiation patterns (realised gains) in xz-plane of arrayed antenna at steering 
angles of 40°, 50°, 60° and 70°. 
 
The radiation patterns for negative steering angles, i.e. Mode L, are shown in Figure 6-15 and 
Figure 6-16 for 0°, -10°, -20° and -30°, and -40°, -50°, -60° and -70°, respectively. The patterns are 
identical to that of Mode R as the array antenna is symmetrical. Figure 6-17 shows the simulated 
realised gain over the steering range ±70°. The realised gain remains within 1.5 dB difference, i.e. 
scan loss, in the steering range from -50° to 50°. The maximum realised gain difference occurs, 
according to simulation, at ±70° resulting in a difference of around 5.0 dB. 
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Figure 6-15: Simulated radiation patterns (realised gains) in xz-plane of arrayed antenna at steering 
angles of 0°, -10°, -20° and -30°. 
 
 
Figure 6-16: Simulated radiation patterns (realised gains) in xz-plane of arrayed antenna at steering 
angles of -40°, -50°, -60° and -70°. 
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Figure 6-17: Simulated realised gain in xz-plane of phase array antenna over the steering range from 
-70° to 70°. 
 
Table 6-2 compares the performance of the proposed antenna with that of published designs, from 
the literature, for millimeter-wave phased array antenna with pattern reconfigurable elements. The 
table lists the values of scanning angle, peak realised gain, 3 dB beamwidth coverage, number of 
elements and peak sidelobe level. It is to be noted that the published works compared represent 
measured values whereas this work values are according to simulation. The proposed pattern phased 
array antenna with reconfigurable liquid metal dipole elements has a comparable performance to 
published work.   
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Table 6-2: Comparison of proposed phased array antenna to other published work. 
Parameter [351] [352] [354] This Work 
Scanning Range (degree) ±60 ±75 ±90 ±70 
Peak Realised Gain (dBi) 13.2 16.3 15.5 12.6 
3 dB Beam Bandwidth Coverage (degree) ±68 ±85 ±90 ±90 
Number of Elements 8 12 8 6 
Peak Sidelobe Level (dB) 3.5 4.7 7.8 7.1 
6.4 Conclusion 
This chapter presents preliminary design and simulation results of a mm-wave beam steerable 
phased array antenna incorporating pattern reconfigurable liquid metal dipole elements. The phased 
array antenna consists of six liquid metal dipole elements. The antenna operates at the 26 GHz band. 
The array antenna has a scan range of ±70° at a sidelobe level of or better than 7.1 dB. Considering 
the 3 dB beamwidth of the array, the antenna covers ±90° range. The maximum simulated realised 
gain of the array antenna is 12.6 dBi.  
Although the preliminary simulation results of the proposed phased array antenna have comparable 
performance to published work, further improvement of the design is desirable before fabrication. 
The drop in the peak realised gain at steering angles above ±50° is to be resolved. Also, minimising 
the backlobe level at steering angles above ±45° is to be considered. 
Other important factors on practical success of the proposed design are the microfluidic structures 
fabrication and liquid metal actuation. The use of tubings to control the liquid metal flow might 
diminish the array performance at this frequency band. It would be better to include a liquid metal 
reservoir on the ground plane within the bottom layer microfluidic structure. Then, via embedded 
microfluidic channels the liquid metal is delivered to dipoles and parasitics. Also, the method of 
actuation, i.e. mechanical or electrical, is to be thought of as the volume of controlled liquid is 
relatively very small (~45 nL).  
On the other side, the small liquid metal volume gives an advantage at these frequencies to have a 
reasonable reconfiguration speed. Using an electrochemical actuation, for example Marangoni 
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effect presented in [356], enables the antenna to reconfigure theoretically in about 30 ms. The 
proposed phased array antenna find applications in tracking systems where low scan loss and 
sidelobe level are required or in applications where pre-configuration is practical.  
An early version of the work presented in this chapter has been produced into a conference 
publication, "Millimeter Wave Beam Steerable/Reconfigurable Liquid Metal Array Antenna", and 
presented at IEEE Topical Conference on Antennas and Propagation in Wireless Communications 
(APWC) in September 2018.    
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Chapter 7 
7 Conclusion and Future Work 
7.1 Conclusion   
The feasibility of liquid metal in reconfigurable antenna applications has been evaluated. The 
anticipated advantages of the liquid metal to overcome discussed limitations of the conventional 
tuning techniques were presented. The flexibility and ability to reconfigure the antenna aperture 
using liquid metal, with no influence on the RF performance, were demonstrated in different study 
cases. Also, a like for like comparison of the PIN diode to liquid metal in a pattern reconfiguration 
application was presented. The PIN diode was selected as it is the most commonly used 
reconfiguration technique in antennas. 
In addition, RF characterisations of the PIN-diode and liquid metal have been performed. Test 
fixtures were designed and fabricated for this purpose. The PIN diode insertion loss and isolation 
were simulated and measured within the diode frequency band of operation, which is up to 6 GHz. 
The liquid metal was evaluated up to 67 GHz which is the maximum limit of the available 
equipment. A copper transmission line with measurement results up to 67 GHz was also presented 
as a reference case.  
The possibility of using liquid metal to connect/disconnect large areas of metalisation was 
demonstrated in the frequency bandwidth reconfigurable liquid metal antenna operating at the X-
band. Covering such large areas could be achieved by using conventional microwave switches. 
However, such switches provide only point-like contacts. Therefore, gaps in which there are no 
electrical contact can exist between the switches. Significant back radiation was observed as a result 
of surface currents flowing around these gaps. The liquid metal, on the other hand, completely filled 
the gaps. This significantly reduced the back radiation, increased the boresight realised gain, and 
produced a pattern identical to that of a conventional microstrip patch antenna. RF performance 
improvement by 2 dB in simulated realised gain and 24% in radiation efficiency, compared to the 
PIN diode, were achieved by applying the liquid metal. 
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The second demonstrated application presented the ability of the liquid metal to achieve continuous 
tuning over a wide tuning range. The liquid metal, contained within the microfluidic channel, was 
used to form the microstrip patch antenna. Frequency tuning was achieved by altering the amount 
of fluid within the channel to vary the electrical length of the antenna. The antenna was capable of 
reconfiguring its operating frequency in a continuous manner. The antenna measured a continuous 
frequency tuning from 2.56 GHz to 5.22 GHz which is equivalent to 68% (i.e.2.66 GHz) tuning 
range. The measured usable spectrum (S11 < -10 dB) was from 2.52 GHz to 5.42 GHz resulting in 
a total usable spectrum of 73% (i.e. 2.90 GHz).     
In the like for like comparison in a reconfigurable antenna application, the liquid metal was 
compared to the PIN diode. The two components were assessed in the like for like pattern 
reconfigurable mono-dipole antennas. The PIN diode was observed to affect the input impedance 
of the antenna causing a resonance shift up to 27% whereas negligible shift was noticed in the liquid 
metal antenna resonance. Moreover, the insertion loss of the PIN diode caused a drop in the realised 
gain and total efficiency. The liquid metal measured a 1.4 dB realised gain and 13% total efficiency 
higher than that of the PIN diode antenna in this particular design at 3.5 GHz.   
On the RF characterisation, like for like test fixtures were designed, fabricated and measured to 
evaluate the PIN diode and liquid metal. A copper test fixture was also evaluated as a reference. 
The liquid metal showed a better insertion loss over the PIN diode by several decibels. Also, the 
liquid metal, as being an idea-like conductor, had a consistent insertion loss with RF input power 
variation which was not the case of the PIN diode. In addition, as the liquid metal is not frequency 
dependent component, it was measured up to 67 GHz. The liquid metal in comparison to copper 
had a similar insertion loss over the entire measured frequency band from 20 MHz to 67 GHz.    
In this research, the microfluidic channels were formed from the polydimethylsiloxane (PDMS) 
polymer, apart from the pattern reconfigurable antenna where polytetrafluoroethylene (PTFE) 
tubings were used. Manual actuation techniques were used to control the liquid metal 
movement/volume within the microfluidic channels.   
As a conclusion, the research carried out in this thesis shows the advantage of applying liquid metal 
in reconfigurable antennas by bringing together research on materials, microfluidics and 
electromagnetics. The liquid metal will enable reconfiguring an antenna aperture in new ways not 
possible by conventional techniques. Moreover, the ideal-like conductor behaviour of the liquid 
metal will enhance the RF overall performance of the antenna system. The liquid metal 
implementation in reconfigurable antenna applications will enable: i) continuous tunability; ii) wide 
frequency tuning range; iii) high linearity and iv) high RF power handling.  
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Although the liquid metal and microfluidic technology together will open wide range of new 
applications in reconfigurable and flexible electronics, the technology is still mostly under research. 
The requirement for the liquid metal to be contained and actuated add a level of complexity on the 
antenna system that does not exist in most of the conventional techniques. The overall size of liquid 
metal antennas, in general, might limit them to non-handheld devices. The fluid dynamics of the 
liquid metal within the microfluidic structures are of dominant importance for successful antenna 
reconfigurations and should be taken into design consideration. 
Research on materials forming the microfluidic structures should be looked at from RF performance 
perspective too. Alternative materials with suitable properties of both mechanical and at microwave 
frequency are to be studied. Liquid metal actuation and manipulation in a self-contained antenna 
are important keys for the technology to be practically implemented. Recent advances in 
electrochemical actuation techniques promise a faster reconfiguration speed and smaller overall 
volume. 
The published research of liquid metal and microfluidics in the advanced functional materials 
literature has been advancing significantly in recent years. The trend shows importance of applying 
this technology in different applications. However, the conducted research here and there has to be 
put together in a multi-disciplinary research to achieve high research impact and facilitate 
commercialisation of this promising technology. 
7.2 Further Work 
In this section, future research directions on how to have a better research impact on applying the 
liquid metal and microfluidics in reconfigurable antennas are highlighted. Also, performance 
improvement of the proposed antennas in this thesis or on new potential applications of liquid metal 
in reconfigurable antennas are discussed.  
 The interesting current research in the field of advanced functional materials and 
microfluidics make liquid metal application in reconfigurable antennas more appealing. 
The research in these areas are more mature than in the microwave and antenna literature. 
The requirement to put together knowledge and experience in the fields of chemistry, 
materials science, microfluid dynamics, microfabrication and electromagnetics are crucial 
not only to achieve a better research impact but to put these integrated technologies on the 
road of commercialisation of liquid metal reconfigurable antennas.   
 The Laplace barrier is a major microfluidic component from the liquid metal 
reconfiguration perspective. The barriers uniquely provide virtual fluid confinement 
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enabling dynamic reconfigurability. The barriers geometry (cylindrical, square, etc.) and 
types (full-posts, partial-posts, ridges, etc.) need to be further investigated considering 
antenna applications. The barrier configurations affect the way liquid metal moves. 
Therefore, the amount of liquid metal could be minimised, speed of reconfiguration could 
be increased, dielectric loss could be minimised and multi-dimensional parameters could 
be reconfigured simultaneously. An outcome of this thesis is an ongoing research on the 
fluid dynamics, i.e. rheological behaviour, of the liquid metal within a serpentine 
microfluidic channel containing Laplace barriers. The main objective of the study is to 
achieve an optimal design for both microfluid dynamics and antenna reconfigurations.    
 PDMS is the most commonly used material to form the microfluidic structure due to its 
many interesting features. However, PDMS electrical properties at RF and microwave 
frequencies are to be further studied. Different variations of commercial PDMS kits are to 
be investigated. The effect of variable parameters involved in the process of fabrication on 
the RF performance need to be checked. These parameters include the mixing ratio, 
degassing process, curing cycle time and curing temperature.  
 The effect of environmental parameters on liquid metal antennas could be studied. These 
include the effect of temperature and humidity not only on the liquid metal but also on the 
dielectric properties of the microfluidic structure. The mechanical expansion and shrinkage, 
for example, of liquid metal and microfluidic structures in comparison with conventional 
RF/microwave components over practical temperature range are to be investigated. 
 The tuning range of the proposed frequency reconfigurable antenna could be improved 
further by making the feed structure entirely from liquid metal. Therefore, the aperture and 
stub could be reconfigured to enable wider frequency tuning range. Also, the width of the 
radiator could be tunable to enhance the efficiency and realised gain of the antenna over 
the entire tuning range. Carefully optimised microfluidic channels could be designed to 
allow a width reconfigurability along with existing length reconfigurability. The flow of 
the liquid metal could be controllable since different channel dimensions require different 
critical pressures to force liquid to flow through. Alternatively, the proposed antenna could 
be taken a step further towards practical application of a complete liquid metal antenna 
system. The antenna is to be actuated using alternative techniques and the microfluidic 
channel is to be redesigned to overcome experienced fluid dynamic challenges. The antenna 
inlet/outlet along with a reservoir could be implemented beneath the ground plane. Hence, 
the effect of actuation mechanism on the overall antenna performance could be minimised 
if not eliminated.  
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 On a new application of liquid metal, mitigation of surface waves is proposed. Truncation 
of a ground plane of a planar array has been shown to mitigate the surface waves and hence 
reduces the sidelobe level. Simulations were performed on a reconfigurable ground plane 
and showed sidelobe level reduction in several truncation scenarios. A further work is to 
design a microfluidic structure to enable dynamic reconfiguration of the liquid metal 
ground plane.  
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Appendix A 
A On the Simulation and Measurement 
Results Uncertainties of Continuously 
Tunable Frequency Reconfigurable Liquid 
Metal Patch Antenna 
In this appendix more details are given regarding the simulation and measurement results 
comparison of the continuously tunable frequency reconfigurable liquid metal antenna presented in 
Chapter 4. The aim of the appendix is to provide some discussion on the uncertainty sources and 
resulted errors [357] in both simulated and measured results. The appendix is divided into two 
sections. Section A.1 presents possible uncertainties and their effect on the antenna frequency 
response and hence the resulting error between simulations and measurements. Similarly, in 
Section A.2 the antenna realised gain and efficiency result uncertainties and errors are discussed. 
Although this appendix focuses on the continuously tunable frequency reconfigurable liquid metal 
antenna, it applies equally to all other presented designs. 
A.1 Uncertainties and Resulted Errors in Antenna Simulated and 
Measured Frequency Response Results 
The frequency response of the continuously tunable frequency reconfigurable liquid metal patch 
antenna is expected to vary with the antenna length. The uncertainties resulted from the individually 
measured channel lengths could alter the expected simulated frequency response. In here, a 
comparison between simulation and measurement results, for some AntL cases, is presented.  
The comparison is to be between two simulation models and the measured response. The two 
simulation models are basically: i) the ideal case of uniformly filled channels; ii) the modelled 
replicated measured case. The modelled replicated measured cases are abbreviated in figures as 
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(Simulation-RMC) for shortness. Also, it is to be noted that in the following figures the microfluidic 
structure is made transparent for illustrative purposes. 
The liquid metal lengths within the channels are measured using a wooden ruler. The smallest scale 
division is a tenth of a centimetre, that is to say 1 mm. Therefore, the uncertainty in the measurement 
is ± 0.5 mm. However, the measurement accuracy is solely subjective to the human eye. Another 
source of uncertainty experienced during the length measurements is due to light 
reflection/refraction from the liquid metal as the material is highly reflective. This causes the 
measurement to be even more challengeable and make the human error to be the largest source of 
uncertainty in these length measurements. 
The configuration corresponding to the highest measured resonance (AntL = 13 mm) is the first to 
be discussed. The ideal simulation model (i.e. uniformly filled channels) is shown in Figure A-1 
(left-top) whereas the replicated measured case is shown in Figure A-1 (left-bottom). Figure A-1 
(right) shows a photo of the actual measured case. 
 
 
Figure A-1: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 13 mm. 
 
The frequency responses of the configurations shown in Figure A-1 are depicted in Figure A-2. The 
ideal case has a resonance at 5.64 GHz whereas the replicated measured case, labelled as 
“Simulation-RMC (0 mm)”, resonates at 5.53 GHz. This results in an error of just 2.0% between 
the two simulated resonances. The measured resonance, on the other side, is at 5.23 GHz which is 
5.4% in error with respect to the simulation replicated measured case.     
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Figure A-2: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-1 when AntL is varied by ± 1 mm. 
 
The antenna length (AntL) within the simulation model of the replicated measured case is then varied 
by ±1 mm. This length corresponds to 0.03𝜆𝑔 at 5.53 GHz, assuming PDMS relative permittivity 
of 2.67. This variation results in a resonance at 5.64 GHz and 5.34 GHz for -1 mm and +1 mm, 
respectively. This results in an error of 2.0% at -1 mm uncertainty and 3.4% at +1 mm uncertainty 
with respect to RMC (0 mm) case.  
An almost identical response to that of the measured case is obtained at a simulated length 
uncertainty of +1.75 mm as shown in Figure A-3. The antenna at this higher end of the tuning band, 
has a guided wavelength of 35.1 mm (assuming PDMS relative permittivity of 2.67) at the measured 
resonance frequency, i.e. at 5.23 GHz. The 1.75 mm increment in the length corresponds to less 
than 5% electrical length error. The human error subjectivity might be the main cause of such 
discrepancy. 
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Figure A-3: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-1 when AntL is varied by + 1.75 mm. 
 
Another important factor to be also discussed that has an influence on the simulation results is the 
PDMS dielectric parameter definitions. As discussed in Chapter 2, the PDMS has some variation 
in the reported relative permittivity (𝜀𝑟) and loss tangent (tan 𝛿) in the literature. Figure A-4 shows 
the effect of varying the relative permittivity from the nominal value of 2.67 to 2.50 and 3.00. The 
antenna has a resonant frequency at 5.55 GHz and 5.40 GHz for PDMS permittivity of 2.50 and 
3.00, respectively. The error in resonant frequency, with respect to the assumed nominal relative 
permittivity of 2.67, is 0.4% in the case of 2.5 relative permittivity. When the relative permittivity 
is set to be 3.00, the error is just 2.4%. Compared to the measured resonance, the resonant frequency 
for the relative permittivity of 3.00 has an error of 3.2% with respect to the measurement. 
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Figure A-4: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-1 when PDMS relative permittivity is varied. 
 
To isolate the length measurement uncertainty, the empty channels case is investigated. Figure A-5 
shows the simulation model and a photo of the measured case. Similarly, varying the relative 
permittivity of the PDMS results in variation of resonances as shown in Figure A-6. The antenna 
has a resonant frequency of 6.14 GHz, 6.10 GHz and 6.06 GHz at 2.50, 2.67 and 3.00 relative 
permittivity, respectively. In comparison with the measured resonant frequency of 5.94 GHz, these 
simulated values are in 3.4%, 2.7% and 2.0% errors, respectively. The relative permittivity value 
of the PDMS within the simulation models appears from these results to be influential. However, 
there might be other sources of uncertainty contributing to these errors which are discussed in the 
following paragraphs. 
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Figure A-5: Simulation model (left) and photo of the actual measured case (right) when AntL = 0 mm. 
 
 
Figure A-6: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-5 when PDMS relative permittivity is varied. 
 
Looking at other uncertainty sources such as fabrication tolerances would be logical. Figure A-7 
presents the effect of coupling aperture size variation on the frequency response of the antenna. An 
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increase of dimensions by 1 mm causes the reflection coefficient minima to move to 6.18 GHz 
which is 1.3% in error with respect to the designed aperture size response (i.e. 6.10 GHz). On the 
other hand, a decrease of the coupling aperture dimensions by 1 mm would move the resonant 
frequency to 6.14 GHz resulting in an error of just 0.6% with respect to the designed dimensions. 
Noticeably the variation is minor and in both cases it slightly shifts the resonance upwards.   
 
Figure A-7: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-5 when coupling aperture size is varied.  
 
The misalignment of the coupling aperture with respect to the patch centre, however, has a more 
noticeable effect on the frequency response. The results of misalignment by ±1 mm, along the x-
axis, are shown in Figure A-8. The antenna resonates at 5.73 GHz when the aperture is off the patch 
centre by +1 mm. This corresponds to 6.1% error with respect to centrally located aperture (6.10 
GHz). A misalignment, on the other hand, by -1 mm leads to a resonant frequency of 6.47 GHz 
resulting in the same error value of 6.1% with respect to the centrally aligned case. 
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Figure A-8: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-5 when coupling aperture misalignment with respect to patch centre is varied. 
 
Although a solid conclusion about uncertainties in the presented results and, therefore, the resulted 
error between the simulation and measurement needs several set of experiments to be conducted, 
the above discussion might be indicative. The above analysis may indicate that the uncertainty in 
the length measurement, PDMS permittivity value in the simulation environment and coupling 
aperture alignment could be the main sources of the discrepancy between the simulation and 
measurement results especially at the higher end of the frequency operating band. Nonetheless, 
considering all of these discussed possible variations and other factors, the antenna has a good 
agreement between the simulation and measurement. 
In the remaining of this section, simulation models of the ideal filling and replicated measured 
cases, and a photo of the measured antenna along with their frequency responses are presented for 
several cases. It is to be noted that the simulation results of the replicated measured cases are all 
having the same length as the measured ones and no length modification is applied. It is also to be 
noted as the AntL length gets longer, the channel length measurement uncertainty becomes less 
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influential. This is mainly as the wavelength gets relatively longer at these frequencies making 
uncertainty of a few millimeters negligible. 
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Figure A-9: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 13 mm. 
 
Figure A-10: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-9 (AntL = 13 mm). 
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Figure A-11: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 18 mm. 
 
Figure A-12: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-11 (AntL = 18 mm). 
 
Appendix A: On the Simulation and Measurement Results Uncertainties of 
Continuously Tunable Frequency Reconfigurable Liquid Metal Patch Antenna 
 
322 
 
 
Figure A-13: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 23 mm. 
 
Figure A-14: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-13 (AntL = 23 mm). 
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Figure A-15: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 27 mm. 
 
Figure A-16: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-15 (AntL = 27 mm). 
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Figure A-17: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 29 mm. 
 
Figure A-18: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-17 (AntL = 29 mm). 
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Figure A-19: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 36 mm. 
 
Figure A-20: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-19 (AntL = 36 mm). 
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Figure A-21: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 42 mm. 
 
Figure A-22: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-21 (AntL = 42 mm). 
 
Appendix A: On the Simulation and Measurement Results Uncertainties of 
Continuously Tunable Frequency Reconfigurable Liquid Metal Patch Antenna 
 
327 
 
 
Figure A-23: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 45 mm. 
 
Figure A-24: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-23 (AntL = 45 mm). 
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Figure A-25: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 50 mm. 
 
Figure A-26: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-25 (AntL = 50 mm). 
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Figure A-27: Simulation models of ideal filling (left-top) and replicated measured case (left-bottom), 
and photo of the actual measured case (right) when AntL = 56 mm. 
 
Figure A-28: Reflection coefficient showing results corresponding to configurations depicted in 
Figure A-27 (AntL = 56 mm). 
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A.2 Uncertainties and Errors in Antenna Simulated and Measured 
Realised Gain and Total Efficiency Results 
Just before discussing uncertainties in the realised gain simulation and measurement results of the 
continuously tunable frequency reconfigurable antenna presented in chapter 4, some results using 
well-known RF/microwave substrates are presented first. These measurement results are either of 
a conducted measurement or published work by others who used the same setup. 
The first discussed result is of conducted experiment. The antenna under test is a printed monopole 
on a 1.6 mm-thick FR-4 substrate. The substrate has a relative permittivity (ɛr) of 4.55 and a loss 
tangent (tan 𝛿) of 0.0175 at 1 MHz. The monopole is designed to operate at 3.5 GHz. The frequency 
response of both simulated and measured resonances is shown in Figure A-29. The antenna has a 
simulated resonant frequency of 3.51 GHz. The measured resonant frequency of the monopole 
antenna is at 3.63 GHz. The two values are 3.4% in error with respect to the simulated resonance.  
The radiation patterns of both xz and yz-plane are plotted in Figure A-30. Both simulation and 
measurement patterns are in good agreement. However, the magnitude of the realised gain has some 
discrepancies between simulated and measured values. An error of up to 2.8 dB is noticed. This 
happens at the yz-plane co-polar component. The realised gains for both planes and polarisations 
are listed in Table A-1. The antenna has a simulated radiation and total simulated efficiency of 86%. 
Assuming the total efficiency almost equals to the radiation efficiency as the antenna is well 
matched and using the simulated directivity (4.2 dBi), 45% could be approximated as the measured 
total efficiency. 
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Figure A-29: Reflection coefficient comparing simulation and measurement of a printed monopole 
antenna on FR-4 substrate. 
 
 
Figure A-30: xz-plane (left) and yz-plane (right) radiation patterns comparison between simulation 
and measurement of printed monopole antenna on FR-4 substrate. 
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Table A-1: Comparison of resonant frequency and maximum realised gain between simulation and 
measurement of printed monopole antenna on FR-4 substrate.  
Method 
Resonant Frequency 
(GHz) 
Realised Gain (dBi) 
xz-plane yz-plane  
co-polar cross-polar co-polar cross-polar 
Measurement 3.63 -0.5 -6.5 0.7 -10.3 
Simulation  3.51 0.2 -4.4 3.5 -11.5 
Difference (dB) 0.7 2.1 2.8 -1.2 
 
Similar discrepancies are observed by other published work using the same setup. In [262], a 
simulation and measurement realised gain results are reported for a spaced dipole. A 2 dB difference 
between simulation and measurement is observed at boresight and up to 30 dB difference at the side 
lobes. The author quoted on page 91: “In most co-polar and cross-polar plots, the simulation results 
tend to overestimate their value.”  The work done by [263] on a hybrid parasitic antenna that 
combines parasitic and phased array steering technique to achieve beam steering is printed on a 1 
mm-thick Rogers RT/Duroid 5880 (ɛr  = 2.2, tan 𝛿 = 0.0009 at 10 GHz.). The reported values 
indicate a 3-5 dB difference between simulation and measurement results of the realised gain at side 
lobes. The author said on page 126: “This effect is noticeable in all the measured radiation patterns. 
This could be attributed to the measurement setup in the anechoic chamber.” The reported 
numerical measurement values at boresight (9.15 dBi) is claimed to be close to the simulated result 
(9.18 dBi). However, studying the radiation patterns, for these reported numerical values, plotted 
in Figure 6.9 of [263] suggests that the measured realised gain is at least a couple of dB lower than 
the simulated value. Similar trends of differences in realised gain values between simulation and 
measurement are observed in Figure 6.10 and 6.11 of [263]. No other numerical values of 
comparison between simulation and measurement results are given. A multiple parameter 
reconfigurable circular microstrip patch antenna array printed on a 1 mm-thick substrate (ɛr = 2.2, 
tan 𝛿 = 0.01 at 10 GHz) is presented in [261]. The published results show similar trends, see for 
example Figure 5.11 and 5.13 of [261]. A difference of at least 2-3 dB can be observed studying, 
for instance, Figure 5.26 [261].  
Another conducted measurement on the continuously tunable frequency reconfigurable liquid metal 
antenna at 2.58 GHz indicates some discrepancies between repeated measurements. After the initial 
measurement, the turntable is reset to 0° position using the controller. Then, the antenna radiation 
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pattern is measured again. The two measurements along with the simulated case are shown in 
Figure A-31. The two measurements are generally in reasonable agreement apart from some 
discrepancies at the backlobe. The first measurement has a deeper null at around 120°. On the 
measured maximum realised gain at the boresight angle, the second measurement is 1.2 dB lower 
than the first measurement.  
These reported results above of both conducted measurements and previously published work may 
give an impression of some possible errors within the setup itself. This error is noticed to be up to 
3 dB at the co-polar component at boresight. Higher error values are reported for side lobes and 
cross-polar components. 
 
 
Figure A-31:  The yz-plane radiation patterns comparison between simulation replicated measured 
case and two measurement attempts (AntL = 56 mm). 
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After discussing the results of the well-known RF/microwave substrate materials, the remaining of 
this section focuses more on discrepancies in simulated and measured realised gain of the 
continuously tunable frequency reconfigurable antenna. The main source of uncertainty could be 
attributed to the PDMS loss tangent definition within the simulation model.  
A cause of discrepancies in reported PDMS dielectric properties could be attributed to several 
factors. Mainly, the preparation of the PDMS involves steps of weighing the required ratio of the 
base and curing agent, mixing, degassing and curing. These add uncertainties in the properties of 
the final product. In addition, the curing cycle involving two parameters, that is to say curing 
temperature and time. All of these may lead to some discrepancies. Furthermore, PDMS is 
commercially available [112] in different kits. They are generally similar in properties, some 
differences exist though. These might lead as well to some discrepancies. For example [122] uses 
Sylgard 182 kit [358-360] whereas in the research presented throughout this thesis a 184 kit [117-
119]is used. Moreover, different dielectric property measurement methods resulted in different 
results [123].    
The PDMS dielectric property values reported in the literature, as discussed in Chapter 2, have some 
variations. In the work presented here, the reported measured average value of the relative 
permittivity in [123, 124] is used. That is to say 2.67. The loss tangent given by (2-3), i.e. 0.02, at 
the frequency band of interest is considered. In addition, another loss tangent value within reported 
loss tangent range [123, 124], namely 0.04, is used for comparison. These two simulation models 
are compared with the measured results. The ideal uniformly filled simulation model is also 
compared with measurement where the PDMS is defined as of nominal considered values. A 
summary of the PDMS dielectric properties defined within the presented simulation models is listed 
in Table A-2.     
 
Table A-2: Summary of PDMS dielectric property definitions within simulation models. 
Simulation Model Designation Relative Permittivity (ɛr) Loss Tangent (tan 𝛿) 
Ideal Filling 2.67 0.02 
RMC-tan 𝛿 = 0.02 2.67 0.02 
RMC-tan 𝛿 = 0.04 2.67 0.04 
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A comparison of the replicated measured simulated case when tan 𝛿 = 0.02 with measured result is 
shown in Figure A-33. Both results have a reasonable agreement at the higher end of the frequency 
band. However, the difference in gain starts to increase towards the lower end of the band. On 
contrary, the measured realised gain drops towards the lower frequency band. A maximum 
difference of 3.2 dB is observed at 3.26 GHz. Another point to be noticed is the relatively larger 
size (~ 10 dB) of the measured backlobe at the lower frequency band when compared to simulated 
patterns. This might be attributed to the finite ground plane size (0.77𝜆0 × 0.67𝜆0 = 0.5𝜆0
2 at 𝑓𝑟 = 
2.58 GHz, for example) at these frequencies. This is as well affect the forward gain and may hence 
cause the realised gain to drop at these frequencies. 
 
 
Figure A-32: Comparison of simulated and measured realised gain of multi-slot liquid metal 
frequency reconfigurable antenna. 
 
Figure A-33 shows the other two simulation model results in comparison with measurements. A 
much better agreement is noticed when the loss tangent is defined in the simulation model to be 
equal to 0.04. The maximum error between simulated and measured realised gain is now 2.2 dB 
and occurs at 3.26 GHz.  
RMC-tan𝛿 = 0.02
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Further investigation is needed to confirm the uncertainty and error sources. Crucial experiments to 
measure the dielectric properties of several samples of the in-house prepared PDMS might be 
necessary. 
 
 
Figure A-33: Comparison of simulated and measured realised gain of multi-slot liquid metal 
frequency reconfigurable antenna: ideal filling where PDMS has loss tangent of 0.02 (top); replicated 
measured simulated case where PDMS has loss tangent of 0.04 (bottom). 
 
The total efficiency of the simulated models along with the estimated total efficiency are shown in 
Figure A-35. The estimated total efficiency is calculated based on the assumption that it equals to 
radiation efficiency as the antenna is well matched. In addition, the directivity of the antenna, 
theoretically speaking, is not affected by associated losses and hence should be the same for both 
simulated and measured cases. Therefore, using the simulated directivity and measured realised 
gain, the measured total efficiency could be estimated. Similar observations as of the realised gain 
discussions are noticed here. 
Ideal Filling (tan𝛿 = 0.02)
RMC-tan𝛿 = 0.04
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Figure A-34: Comparison of simulated and estimated total efficiency of multi-slot liquid metal 
frequency reconfigurable antenna 
 
 
Figure A-35: Comparison of simulated and estimated total efficiency of multi-slot liquid metal 
frequency reconfigurable antenna: ideal filling where PDMS has loss tangent of 0.02 (top); replicated 
measured simulated case where PDMS has loss tangent of 0.04 (bottom). 
 
RMC-tan𝛿 = 0.02
Ideal Filling (tan𝛿 = 0.02)
RMC-tan𝛿 = 0.04
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In the remaining of this section, the radiation patterns are compared for the two simulation models 
of the ideal and replicated measured case (RMC-tan 𝛿 = 0.02) with the measured radiation patterns 
for several antenna length (AntL) cases. The RMC-tan 𝛿 = 0.04 simulation model has almost the 
same patterns and hence eliminated for plot clarity. The resonant frequency, realised gain and total 
efficiency for the three simulation models and measurement are summarised in associated tables. 
Also, the simulated directivity is provided. 
 
 
Figure A-36: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-9 (AntL = 13 mm). 
 
Table A-3: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 13 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  5.64 5.2 
Simulation: RMC-tan 𝛿 = 0.02 5.53 4.4 
Simulation: RMC-tan 𝛿 = 0.04 5.51 4.2 
Measurement 5.23 5.6 
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Table A-4: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 13 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  5.64 6.3 79 
Estimation: Ideal Filling 5.23 - 76 
Simulation: RMC-tan 𝛿 = 0.02 5.53 6.1 68 
Estimation: RMC-tan 𝛿 = 0.02 5.23 - 62 
Simulation: RMC-tan 𝛿 = 0.04 5.51 6.4 61 
Estimation: RMC-tan 𝛿 = 0.04 5.23 - 62 
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Figure A-37: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-11 (AntL = 18 mm). 
 
Table A-5: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 18 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  5.31 5.7 
Simulation: RMC-tan 𝛿 = 0.02 5.13 6.5 
Simulation: RMC-tan 𝛿 = 0.04 5.13 5.9 
Measurement 4.85 3.4 
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Table A-6: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 18 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  5.31 6.8 76 
Estimation: Ideal Filling 4.85 - 37 
Simulation: RMC-tan 𝛿 = 0.02 5.13 7.7 76 
Estimation: RMC-tan 𝛿 = 0.02 4.85 - 59 
Simulation: RMC-tan 𝛿 = 0.04 5.13 7.7 66 
Estimation: RMC-tan 𝛿 = 0.04 4.85 - 54 
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Figure A-38: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-13 (AntL = 23 mm). 
 
Table A-7: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 23 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  4.85 6.5 
Simulation: RMC-tan 𝛿 = 0.02 4.74 3.0 
Simulation: RMC-tan 𝛿 = 0.04 4.75 2.6 
Measurement 4.50 3.5 
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Table A-8: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 23 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  4.85 7.7 76 
Estimation: Ideal Filling 4.50 - 42 
Simulation: RMC-tan 𝛿 = 0.02 4.74 5.7 53 
Estimation: RMC-tan 𝛿 = 0.02 4.50 - 49 
Simulation: RMC-tan 𝛿 = 0.04 4.75 6.1 44 
Estimation: RMC-tan 𝛿 = 0.04 4.50 - 47 
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Figure A-39: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-15 (AntL = 27 mm). 
 
Table A-9: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 27 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  4.5 6.1 
Simulation: RMC-tan 𝛿 = 0.02 4.37 4.8 
Simulation: RMC-tan 𝛿 = 0.04 4.36 4.3 
Measurement 4.30 2.9 
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Table A-10: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 27 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  4.5 7.3 76 
Estimation: Ideal Filling 4.30 - 38 
Simulation: RMC-tan 𝛿 = 0.02 4.37 6.6 65 
Estimation: RMC-tan 𝛿 = 0.02 4.30 - 39 
Simulation: RMC-tan 𝛿 = 0.04 4.36 6.8 56 
Estimation: RMC-tan 𝛿 = 0.04 4.30 - 40 
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Figure A-40: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-17 (AntL = 29 mm). 
 
Table A-11: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 29 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  4.34 5.9 
Simulation: RMC-tan 𝛿 = 0.02 4.31 5.5 
Simulation: RMC-tan 𝛿 = 0.04 4.29 4.6 
Measurement 4.09 4.2 
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Table A-12: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 29 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  4.34 7.1 76 
Estimation: Ideal Filling 4.09 - 51 
Simulation: RMC-tan 𝛿 = 0.02 4.31 7.0 71 
Estimation: RMC-tan 𝛿 = 0.02 4.09 - 52 
Simulation: RMC-tan 𝛿 = 0.04 4.29 6.9 59 
Estimation: RMC-tan 𝛿 = 0.04 4.09 - 53 
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Figure A-41: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-19 (AntL = 36 mm). 
 
Table A-13: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 36 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  3.76 5.3 
Simulation: RMC-tan 𝛿 = 0.02 3.67 5.3 
Simulation: RMC-tan 𝛿 = 0.04 3.66 4.4 
Measurement 3.61 1.5 
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Table A-14: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 36 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  3.76 6.6 74 
Estimation: Ideal Filling 3.61 - 31 
Simulation: RMC-tan 𝛿 = 0.02 3.67 6.7 72 
Estimation: RMC-tan 𝛿 = 0.02 3.61 - 30 
Simulation: RMC-tan 𝛿 = 0.04 3.66 6.8 59 
Estimation: RMC-tan 𝛿 = 0.04 3.61 - 29 
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Figure A-42: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-21 (AntL = 42 mm). 
 
Table A-15: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 42 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  3.36 5.9 
Simulation: RMC-tan 𝛿 = 0.02 3.33 5.4 
Simulation: RMC-tan 𝛿 = 0.04 3.32 4.4 
Measurement 3.26 2.2 
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Table A-16: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 42 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  3.36 7.5 70 
Estimation: Ideal Filling 3.26 - 30 
Simulation: RMC-tan 𝛿 = 0.02 3.33 7.5 62 
Estimation: RMC-tan 𝛿 = 0.02 3.26 - 30 
Simulation: RMC-tan 𝛿 = 0.04 3.32 7.5 49 
Estimation: RMC-tan 𝛿 = 0.04 3.26 - 30 
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Figure A-43: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-23 (AntL = 45 mm). 
 
Table A-17: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 45 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  3.19 6.0 
Simulation: RMC-tan 𝛿 = 0.02 3.15 5.7 
Simulation: RMC-tan 𝛿 = 0.04 3.14 4.4 
Measurement 3.09 3.4 
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Table A-18: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 45 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  3.19 7.7 68 
Estimation: Ideal Filling 3.09 - 37 
Simulation: RMC-tan 𝛿 = 0.02 3.15 7.8 62 
Estimation: RMC-tan 𝛿 = 0.02 3.09 - 36 
Simulation: RMC-tan 𝛿 = 0.04 3.14 7.8 46 
Estimation: RMC-tan 𝛿 = 0.04 3.09 - 36 
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Figure A-44: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-25 (AntL = 50 mm). 
 
Table A-19: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 50 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  2.93 5.9 
Simulation: RMC-tan 𝛿 = 0.02 2.80 5.2 
Simulation: RMC-tan 𝛿 = 0.04 2.79 3.8 
Measurement 2.78 0.6 
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Table A-20: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 50 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  2.93 7.8 64 
Estimation: Ideal Filling 2.78 - 19 
Simulation: RMC-tan 𝛿 = 0.02 2.80 7.6 57 
Estimation: RMC-tan 𝛿 = 0.02 2.78 - 20 
Simulation: RMC-tan 𝛿 = 0.04 2.79 7.5 43 
Estimation: RMC-tan 𝛿 = 0.04 2.78 - 20 
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Figure A-45: xz-plane (left) and yz-plane (right) radiation patterns comparison between 
configurations depicted in Figure A-27 (AntL = 56 mm). 
 
Table A-21: Comparison of resonant frequency and maximum realised gain between simulation 
models and measurement at AntL = 56 mm. 
Method Resonant Frequency (GHz) Realised Gain (dBi) 
Simulation: Ideal Filling  2.68 5.5 
Simulation: RMC-tan 𝛿 = 0.02 2.66 5.2 
Simulation: RMC-tan 𝛿 = 0.04 2.60 3.7 
Measurement 2.58 3.3 
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Table A-22: Comparison of resonant frequency and total efficiency between simulation models and 
measurement at AntL = 56 mm. 
Method Resonant Frequency (GHz) Directivity (dBi) Total Efficiency (%) 
Simulation: Ideal Filling  2.68 7.8 59 
Estimation: Ideal Filling 2.58 - 35 
Simulation: RMC-tan 𝛿 = 0.02 2.66 7.7 56 
Estimation: RMC-tan 𝛿 = 0.02 2.58 - 36 
Simulation: RMC-tan 𝛿 = 0.04 2.60 7.7 40 
Estimation: RMC-tan 𝛿 = 0.04 2.58 - 36 
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Appendix B 
B Current and the Office of Communications 
(Ofcom) Perspective on the Future Cellular 
Mobile Spectrum Below 6 GHz in the UK 
 
Table B-1: Most of the current and the Office of Communications (Ofcom) perspective on the future 
cellular mobile spectrum below 6 GHz in the UK [282-287]. 
Frequency Spectrum Frequency Range (MHz) Technology 
700 MHz 694–790  
800 MHz 
791-821/832-862 
862 – 870 MHz, 876 – 880 
LTE 
900 MHz 
872-876/917-921, 
880.1-914.9/925.1-959.9 
921 – 925 
GSM (880.1-914.9/925.1-959.9) 
1350–1698 MHz 
1350 – 1375, 1375 – 1400 
1427 – 1535, 1660.5 – 1698 
SDL-LTE (1452-1492) 
1800 MHz 
1710.1-1781.7/1805.1-1876.7 
1781.7-1785/1876.7-1880 
1880 – 1885, 1885 – 1900 
GSM and LTE 
1900 MHz 
1900-1920 
1920-1980/2110-2170 
UMTS-TDD (1900-1920; unpaired) 
UMTS-FDD (1920-1980/2110-2170) 
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Frequency Spectrum Frequency Range (MHz) Technology 
2.6 GHz 2010-2690 
LTE (2500-2570/2620-2690) 
TDD-LTE (2570-2615; unpaired) 
3100 – 4200 
3410-3480/ 3500-3580, 
3580-3600, 3605-3689, 
3480-3500 
TDD-LTE (3580-3600, 3605-3689; unpaired) 
4400 - 7250 
4400 – 5000, 5150 – 5350, 
5470 – 5725, 5850 - 7250 
fixed services, infrastructure, broadcasting 
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Appendix C 
C Polydimethylsiloxane Preparation, Coating 
and Bonding Procedures 
C.1 Polydimethylsiloxane Preparation 
Polydimethylsiloxane (PDMS) is prepared using the SYLGARD(R) 184 silicone elastomer [117-
119], Figure C-1. The base to curing agent are mixed in a ratio of 10:1 (weight/weight). An 
electronic balance is used to weigh the required amount in a disposable plastic cup, Figure C-2 
(left).  The PDMS is then mixed thoroughly using a stir rod, Figure C-2 (middle), for about 3 min 
where the mixture should look now milky and cloudy with suspended air bubbles. Next, the mixture 
is degassed in either a desiccator under vacuum or using an ultrasonic bath, Figure C-2 (right), for 
5-10 min depending on the mixed amount [279, 361]. At this stage the PDMS mixture is ready to 
be used either to cast a microfluidic device or to coat a printed circuit board (PCB). The microfluidic 
devices casting is as discussed in relevant parts of the main thesis body. The PCB coating and 
bonding to a microfluidic device are discussed below. In addition, a list of reagents and equipment 
needed is provided.   
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Figure C-1: SYLGARD® 184 PDMS kit. 
 
 
Figure C-2: PDMS preparation steps. 
 
Curing Agent (cross-linker)Base (monomer)
Mixing Degassing
air bubbles
Weighing
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C.2 Printed Circuit Board (PCB) Coating and Bonding 
In this section, a brief discussion of experiments conducted initially on experimental PCB samples 
to gain the know-how and on-hand experience. PCB samples from a 0.787 mm-thick RT/duroid® 
5880 substrate are used. The samples are cut in 38 mm x 26 mm.  
A prepared uncured PDMS was span coated on the PCB samples using a spin coater (Laurell WS-
400B-6NPP-LITE [257]), Figure C-3.  Three PCB samples were span coated with different PDMS 
amount and spinning settings as shown in Table C-1. The three samples were then cured in an oven, 
Figure C-4, for 2 hours at 95°C [296]. Both coated and uncoated sides of Sample # 3 are shown in 
Figure C-5 (left top) and (left bottom), respectively, as an example. The measured PDMS film 
thickness variation is shown in Figure C-6 where average value is reported in Table C-1. In addition, 
uncoated PCB thickness measurements are shown in Figure C-6. The uncoated PCB measured an 
average thickness of 0.622 mm. The film thickness depends on several parameters, namely: 
spinning speed, spinning duration, mixing ratio, duration between mixing of PDMS and spin 
coating and room temperature. Among them, the spinning speed and duration have a greater effect 
on controlling the film thickness [294, 295].   
   
 
Figure C-3: Spin coater. 
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Table C-1: Spin Coater Settings and Meaured PDMS film thickness 
Sample 
No. 
PDMS Volume 
(mL) 
Spinning Speed 
(rpm) 
Spinning Time 
(min) 
Measured PDMS Film Average 
Thickness (μm) 
1 1 1000 1.5 87.50 
2 2 1000 2 92.33 
3 1 1000 2 70.67 
 
 
 
Figure C-4: Curing oven. 
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Figure C-5: PCB sample # 3 coated top-layer (left-top) and uncoated bottom-layer (left-bottom), a 
cured PDMS sample (second-left), clamped PDMS slab # C to uncured film coated PCB # 3 (second-
right) and fully cured bonded sample # 3C (right). 
 
 
Figure C-6. Measured PDMS coated film thickness. 
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Bonding of PDMS slabs to PCB samples were also performed. Cured PDMS slabs were prepared 
and labelled as A, B, C and D with thicknesses of 3.10 mm, 5.64 mm and 10.00 mm, respectively. 
The PDMS slabs were cut into similar sizes as of the PCB samples, Figure C-5 (second left). Then, 
the PCB samples were divided into two groups. The first group had the previously PDMS coated 
PCBs, namely sample # 1 and 3 of Table C-1.  On the other hand, the second group had two 
uncoated PCBs which are labelled hereafter as sample # 4 and 5. Both groups were PDMS span 
coated as detailed in Table C-2. Then, the PDMS slabs were clamped on them as shown in 
Figure C-5 (second right) for sample # 3C as an example. Next, the samples were cured in the oven 
at 65°C for 4 hours. The bonded samples were then left to cool down for 15 min before being 
unclamped. Investigating the bonded samples, Figure C-5 (right), indicated that both groups bonded 
reasonably well. However, the first group, which has a previously coated PDMS layer, showed a 
better adhesion strength. Therefore, the PCBs, where relevant in this research, were spun coated 
first before bonding process.  
 
Table C-2: Spin Coater Settings and samples designation 
PCB Sample 
No. 
PDMS Volume 
(mL) 
Spinning Speed 
(rpm) 
Spinning Time 
(min) 
PDMS Sample 
Letter 
1 1 1000 2 B 
3 1 1000 1 C 
4 1 1000 1 A 
5 1 1000 2 D 
C.3 Reagents and Equipment 
 Sylgard® 184 (PDMS) base and curing agent 
 70% isopropyl alcohol (IPA), for cleaning purposes 
 disposable plastic cup 
 disposable pipette 
 stirring rod 
 15 mL centrifuge tube  
 140 mm glass petri dish 
 electronic scale 
 desiccator or an ultrasonic bath 
 spin coater 
 oven 
 filtered air source (to dry solvent after PCB’s cleaning) 
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D Datasheets of Used Components  
D.1 BAR50-02V Datasheet 
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D.2 Chip Inductors - 0402DC Series Datasheet 
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Appendix E  
E Insertion Loss and Isolation Measurement 
Results of BAR50-02V PIN Diode 
In the appendix, further measurement results of the BAR50-02V PIN diode are provided. The 
appendix is divided into two sections. The first section presents results of the insertion loss (ON 
state) whereas the second section presents isolation results (OFF state). 
E.1 Insertion Loss Measurement Results 
 
Figure E-1: Measured insertion loss at 3 mA biasing current for input power of -20 dBm and -10 
dBm. 
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Figure E-2: Measured insertion loss at 3 mA biasing current for input power of -20 dBm and 10 dBm. 
 
Figure E-3: Measured insertion loss at 3 mA biasing current for input power of -20 dBm and 20 dBm. 
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Figure E-4: Measured insertion loss at -20 dBm input power for biasing current of 3 mA and 5 mA. 
 
Figure E-5: Measured insertion loss at -20 dBm input power for biasing current of 3 mA and 10 mA. 
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Figure E-6: Measured insertion loss at -20 dBm input power for biasing current of 3 mA and 50 mA. 
 
Figure E-7: Measured insertion loss at -20 dBm input power for biasing current of 3 mA and 100 mA. 
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Figure E-8: Measured insertion loss at 20 dBm input power for biasing current of 3 mA and 5 mA. 
 
Figure E-9: Measured insertion loss at 20 dBm input power for biasing current of 3 mA and 10 mA. 
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Figure E-10: Measured insertion loss at 20 dBm input power for biasing current of 3 mA and 50 mA. 
 
Figure E-11: Measured insertion loss at 20 dBm input power for biasing current of 3 mA and 100 
mA. 
 
Appendix E: Insertion Loss and Isolation Measurement Results of  BAR50-02V PIN 
Diode 
 
376 
 
 
Figure E-12: Measured insertion loss at 100 mA biasing current for input power of -20 dBm and -10 
dBm. 
 
Figure E-13: Measured insertion loss at 100 mA biasing current for input power of -20 dBm and 10 
dBm. 
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Figure E-14: Measured insertion loss at 100 mA biasing current for input power of -20 dBm and 20 
dBm. 
 
Figure E-15: Measured insertion loss at -20 dBm and 20 dBm input power for biasing current of 3 
mA and 100 mA. 
 
Appendix E: Insertion Loss and Isolation Measurement Results of  BAR50-02V PIN 
Diode 
 
378 
 
E.2 Isolation Measurement Results 
 
 
Figure E-16: Measured isolation at 0 V reverse biasing voltage for input power of -20 dBm and -10 
dBm. 
 
Figure E-17: Measured isolation at 0 V reverse biasing for input power of -20 dBm and 10 dBm. 
 
Appendix E: Insertion Loss and Isolation Measurement Results of  BAR50-02V PIN 
Diode 
 
379 
 
 
Figure E-18: Measured isolation at 0 V reverse biasing voltage for input power of -20 dBm and 20 
dBm. 
 
Figure E-19: Measured isolation at 50 V reverse biasing voltage for input power of -20 dBm and -10 
dBm. 
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Figure E-20: Measured isolation at 50 V reverse biasing voltage for input power of -20 dBm and 20 
dBm. 
 
Figure E-21: Measured isolation at -20 dBm input power for reverse biasing voltage of 0 V and 5 V. 
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Figure E-22: Measured isolation at -20 dBm input power for reverse biasing voltage of 0 V and 30 V. 
 
Figure E-23: Measured isolation at -20 dBm input power for reverse biasing voltage of 0 V and 50 V. 
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Figure E-24: Measured isolation at 20 dBm input power for reverse biasing voltage of 0 V and 5 V. 
 
Figure E-25: Measured isolation at 20 dBm input power for reverse biasing voltage of 0 V and 50 V. 
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Figure E-26: Measured isolation at -20 dBm input power for reverse biasing voltage of 0 V and 50 V. 
 
Figure E-27: Measured isolation at -20 dBm and 20 dBm input power for reverse biasing voltage of 0 
V and 50 V. 
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Appendix F 
F Harmonic and Intermodulation Distortion 
Setups and Measurement Results of BAR50-
02V PIN Diode 
In order to perform a nonlinear measurement of a component, the setup has to validated first as this 
type of measurement is tricky. The measured power level of an intermodulation product is limited 
by the setup and available equipment. Hence, the setup configuration and limit have to be evaluated 
first prior to the actual device under test (DUT) measurement. 
Figure F-1 (top) shows a configuration (Setup I) using a single power amplifier (PA). The 
fundamental signals are generated by two identical RF generators (Anritsu, RF/Microwave Signal 
Generator MG3692 [362]) at 𝑓1 = 2.1995 GHz and 𝑓2 = 2.2005 GHz resulting in frequency 
spacing of ∆𝑓 = 1 MHz. The fundamental frequencies are chosen based on available components. 
Each RF generator is connected to a combiner via a 10 dB attenuator. The attenuator improves the 
setup in two ways. Firstly, the harmonic signals that might be generated from the RF generators are 
attenuated by their nth factor x 10 dB which minimises their effect on the actual measured results. 
Secondly, any coupling or reflected signals between the two RF generators occurs at the combiner 
input side is also attenuated. The combined signals are then fed to the PA (Mini-Circuits, Low Noise 
Amplifier ZHL-1742HLN+ [363]). The PA is needed to boost the signal level at the DUT input. 
The DUT output is attenuated by 20 dB using two 10 dB attenuators in series. This attenuation is 
necessary in order to lower the signal level at the spectrum analyser (Rohde & Schwarz, Spectrum 
Analyzer FSEK30 [364]) input to avoid generating internal intermodulation products.      
To evaluate the setup (i.e. without DUT), the RF generators output signal were varied from -20 
dBm to 20 dBm. This resulted in an input power level at the PA ranging from around -35 dBm to 5 
dBm, respectively, including the attenuation of the cables (~0.5 dB/each) and combiner  (~3 dB). 
The PA gain is around 35 dB, however, drops to 30 dB at input signal level of 5 dBm or higher. In 
other words the DUT input could be in the rage from 0 dBm to 35 dBm. As the DUTs are passive, 
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the measured signal by the spectrum analyser would be ranging from -20 dBm to 15 dBm. 
Figure F-2 (top) shows a measured power level of 4.8 dBm at 𝑓1when the RF generators were set 
to 5 dBm as an example of Setup I. The third-order intermodulation product (2𝑓2 − 𝑓1) measured -
15.1 dBm at this fundamental input power level as shown in Figure F-2 (bottom). This level of the 
IM3 is considerably high and would limit the actual measurement. This high level of the IM3 
product might be mainly generated by the PA as it is itself a non-linear device and/or by the input 
stage of the spectrum analyser. 
Setup II, shown in Figure F-1 (bottom), is proposed to alleviate the high measured IM3 product 
level. Mainly the fundamental signals are amplified before being added. Moreover the input 
attenuators are placed now at the PA outputs to even attenuate any harmonics generated. At 5 dBm 
input power, the fundamental signal level at the SA input dropped to -6.0 dBm as shown in 
Figure F-2 (top). This drop was as a result of the PA gain drops from around 35 dB to 30 dB at this 
level of power input. Although the IM3 product power level in Setup II dropped by around 50 dB 
compared to Setup I, as shown in Figure F-2 (bottom), it is still high for the intended IM3 product 
measurements.         
Inserting the diode as of Setup II of Figure F-1 (bottom), the resulted IM3 was a few dB lower than 
the setup measured limits at RF generator output powers of -20 dBm. The IM3 level started, 
however, to be very comparable to the setup recorded limits when the RF generators output power 
was equal to or higher than -10 dBm. This can be clearly seen in Figure F-2. Hence these 
measurements may indicate that the spectrum analyser input power needs to be even lowered further 
than -20 dBm at the maximum DUT tested input power.  
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Figure F-1: Proposed intermodulation measurement setups. 
 
 
Figure F-2: Measurement comparison of intermodulation measurement setups showing lower 
fundamental frequency (top) and higher third intermodulation product (bottom) at 5 dBm RF 
generators output power.  
 
Hence, the attenuation at the spectrum analyser input was increased from 20 dB to 50 dB. This 
resulted in the input power at the spectrum analyser input reduced from -6 dBm to -35.8 dBm at 5 
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dBm RF generator output powers. The measured fundamental signal and third-order 
intermodulation product after this modification are shown in Figure F-2 (top) and (bottom), 
respectively. Although the input power level at the spectrum analyser was now lower than -30 dBm, 
the third-order intermodulation level was still measurable. It measured -92.4 dBm whereas it is 
expected to be lowered by 90 dB relative to Setup II third-order intermodulation product level. That 
is to be around -150 dBm. These may indicate that these measured intermodulation products are 
artefacts generated by the spectrum analyser.  
The input power versus the output power of the proposed Setup III is shown in Figure F-3. The 
IMD3 product levels were within the noise floor (-120 dBm to -130 dBm) up to an input power of 
-7 dBm. The rate of change was 10 dB/dB from -7 dBm to -5 dBm input power. Then the rate of 
change became 1.3 dB/dB up to 3 dBm input power. The IMD3 dropped as the power amplifier 
gains started to drop even below the 1 dB-compression point.   
 
Figure F-3: Input power (i.e. RF generators output) versus measured output power (i.e. at spectrum 
analyser) for the two tones and third-order intermodulation products of Setup III. 
 
In an attempt to improve the setup, a single tone setup to measure the second harmonic only was 
configured as shown in Figure F-4. A low-pass filter with a 3 dB cutoff frequency at 4.85 GHz was 
used to filter out harmonics generated from the power amplifier. Hence the fundamental signal 
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frequency was set here to 3.5 GHz to let the second harmonic (7 GHz) generated from either the 
RF generator or the power amplifier fill within the stop band of the filter. 
Figure F-5 shows the measured power level for both fundamental and second harmonic signals. The 
second harmonic rose mostly with a slope of around 2dB/dB until the fundamental tone power level 
started to drop below the compression point at input power level of 10 dBm. At that point, the 
second harmonic rate of change dropped to 0.7 dB/dB.  
 
 
Figure F-4: Proposed harmonics measurement setup. 
 
 
Figure F-5: Measured fundamental tone and second harmonic output power levels versus input 
power. 
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The level of both third-order intermodulation product and second harmonic in both setup 
configurations were still relatively high for the intended passive intermodulation measurement. An 
alternative setup should be considered to enhance the measurement dynamic range and allow 
measuring a very low intermodulation product level [365, 366]. 
However, the setup might be used to have some impression of nonlinearity of devices under test. 
Hence, the diode nonlinearity is roughly estimated by measuring its harmonics and intermodulation 
products. The used setup is as shown in Figure F-6. Using the harmonic measurement setup, 
Figure F-6 (top), the output power level of both the fundamental signal and the second generated 
harmonic are measured while the diode DC biasing current and input power level is varied from 1 
mA to 100 mA and -20 dBm to 20 dBm, respectively. It is to be noted that the presented data are 
after the setup component losses compensation. 
 
      
 
Figure F-6: Harmonic (top) and intermodulation products (bottom) measurement setup of BAR50-
02V PIN diode. 
 
The fundamental signal (f1) is set to 1 GHz and hence the second harmonic, if any, (2f1) is expected 
to be at 2 GHz. Figure F-7 shows measured output powers at four different biasing conditions, i.e. 
at 1 mA, 5 mA, 10 mA and 50 mA. Higher than 10 mA biasing current cases have almost the same 
results as the one of the 10 mA case as the diode is well biased. Second harmonics for the input 
power level of -20 dBm are not detectible for all the applied biasing currents. Even -10 dBm input 
power is not detectible below 5 mA biasing current. All of these measurements, to be noted, are 
taken on a 3 GHz frequency span.  
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At 1 mA and 0 dBm input power, the fundamental signal and second harmonic measure -23.9 dBm 
and -62.0 dBm, respectively. Increasing the input power by 1 dB, for example, is supposed to 
increase the output power level of the fundamental signal and second harmonic by 1 dB and 2 dB, 
respectively. This is observed when the input power is increased by 10 dB resulting in a fundamental 
signal output power level of -14.0 dBm. However, the second harmonic increases by only 10 dB 
rather than 20 dB. A 20 dBm input power, on the other hand, results in a -4.0 dBm and -27.0 dBm 
fundamental and second harmonic, respectively, output power level which are close to the 
theoretically expected output power level increase. Similar observations are noticed for other 
biasing cases.     
 
 
Figure F-7: Measured spectrum showing output power level of fundamental input frequency and 
generated second harmonic by BAR50-02V PIN diode. 
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The second harmonic output power level with respect to the fundamental output level is plotted in 
Figure F-8 for 1 mA and 10 mA. For the 1 mA biasing case, the diode measures -38.1 dBc at an 
input power level of 0 dBm. Increasing the input power level to 10 dBm, increases the second 
harmonic distortion by 1 dB as would be expected. However, as the input power level increases to 
more than 10 dBm, the second harmonic distortion level increases abruptly to -23.0 dBc. That is an 
increase of 14 dB. This happens as the second harmonic output power level of the diode above a 
certain input power level starts to increase significantly [367]. Therefore, the 2 dB output power 
level increase of the second harmonic per 1 dB input power level increase does not hold beyond 
this threshold level of the input power.  At the 10 mA biasing condition, the level of the second 
harmonic distortion stays constant until the input power level reaches 10 dBm. Then, the second 
harmonic distortion level increases from -39.6 dBc at 10 dBm input power to -32.0 dBc at 20 dBm 
input power level. This is a difference of 7.6 dB. The threshold level of the input power causing the 
significant increase in the second g=harmonic output power level is determined within the 
intermodulation measurement test discussed next as finer steps of 1 dB increase in the input power 
level is used.          
 
 
Figure F-8: Measured second harmonic signal level with respect to fundamental signal output power 
level of BAR50-02V PIN diode. 
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The intermodulation distortion of the BAR50-02V PIN diode is evaluated using the setup shown in 
Figure F-6 (bottom). Two fundamental tones (f1 = 3.000 GHz; f2 = 3.002 GHz, Δf = 200 MHz) are 
applied to the diode under test via the combiner. The measured spectrum at 10 mA biasing current 
and 20 dBm input power level as an example is shown in Figure F-9. It is to be noted that these data 
are after setup component losses are compensated for. In this case, the lower third intermodulation 
distortion product measures -60.3 dBc whereas the upper third intermodulation distortion product 
measures -61.1 dBc.   
 
 
Figure F-9: Measured spectrum showing fundamental tones and generated third intermodulation 
products. 
 
The effect of varying the input power level on the output power at 10 mA biasing condition is 
plotted in Figure F-10 for the lower fundamental and third intermodulation product. The upper 
signals have almost the same results as the path of the two signals are identical. The fundamental 
signal increases with a slope of 1 dB/dB as expected.  
The third intermodulation product increases with increasing the input power level with three 
different slopes in the range of measured data. Theoretically, as discussed earlier, the slope is 
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expected to be 3 dB/dB until a threshold input power level is reached where at which the diode 
would behave differently. The measurement shows a slope of 2.3 dB/dB rather than the 3 dB/dB 
slope up to input power level of 12.9 dBm. Nonetheless, 2.3 dB/dB is relatively close to expected 
3dB/dB slope considering possible measurement accuracy [364]. Moreover, a lower slope, between 
1 and 2 dB/dB, has been reported in [346] but further investigation is suggested to find out the 
causes of slope deviation from theoretical value. 
Above the 12.9 dBm input power, the third intermodulation product output power level significantly 
increases to have a slope of 6.8 dB/dB up to input power level of 14.9 dBm. The slope is then 
decreases slightly beyond input power level of 14.9 dBm. It measures a slope of 5.2 dB/dB up to 
the maximum applied input power level of 15.9 dBm. This behaviour of slight slope declination is 
expected according to the diode manufacturer [367] but no further explanation is given.             
 
 
Figure F-10: Measured output power level for fundamental tone 1 (𝒇𝟏) and lower intermodulation 
distortion product (2f1-f2) of BAR50-02V PIN diode. 
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To conclude, the BAR50-02V PIN diode nonlinearity measurement suggests -60.3 dBc and -61.1 
dBc lower third intermodulation distortion product and upper third intermodulation distortion 
product, respectively, for 20 dBm input power level when the diode is biased at 10 mA.  
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Appendix G 
G Insertion Loss Measurement Results of 
Liquid Metal within PDMS Microfluidic 
Channel  
Attempts to inject the required volume of 100 nL to fill the microfluidic channel (2.5 mm-long x 
0.4 mm-wide x 0.1 mm-high) are first highlighted. Precise injection of such relatively very small 
volume is not a straight forward procedure. The minimum flow rate of the syringe pump using a 5 
mL syringe is 80 nL/min. Therefore, it theoretically takes about 1.25 min at this flow rate to fill the 
channel. However as discussed in more details in Chapter 2 and Chapter 4, the driving flow pressure 
has to be increased beyond this flow rate. This is due to that the liquid metal flow is actually 
functions of both the liquid metal physical properties (viscosity and contact angle) and microfluidic 
channel dimensions. The flow rate is increased up to 5000 nL/min where at such rate the liquid 
metal starts to flow. Unfortunately, this relatively high flow rate causes a pressure greater than what 
the bonding layer could handle. Therefore, the liquid metal flows off the channel underneath the 
coat layer as it has less flow resistant. Figure G-1 shows an example of timed images of a channel 
under the microscope showing liquid metal flow off the channel. 
 
Figure G-1: Images under microscope of the microfluidic channel showing liquid metal flows of 
underneath coat layer.  
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Another experienced flow behaviour is when the injection tube is removed from the inlet. At that 
moment, the liquid metal that is already within the channel retracts to the inlet as a result of the 
pressure difference. Figure G-2 shows an example where the liquid metal retracted from the channel 
to the right-side inlet. Considering these experienced challenges with fluid dynamics, alternative 
injection method is sought.   
 
Figure G-2: Images under microscope showing channel before injection (left) and retracted liquid 
metal after tube removal (right). 
 
The manual 0.5 μL – 10 μL micropipette (SOCOREX ISBA S.A., ACURA® manual 800 series) is 
used. The micropipette is set to the minimum setting of 0.5 μL. When the plunger button of the 
micropipette is depressed to release the liquid from the microtip, the liquid metal happens to stick 
to the inner wall of the microtip and made a ball-like at the microtip end. This is as a result of the 
plunger pressure is not enough to overcome the surface tension force between the liquid metal and 
the microtip.  To overcome this, the microtip is wetted with HCl prior to liquid metal loading. 
Although this helped on having a sort of better liquid metal volume control, the process is not 
consistent and repeatable. How fast the plunger button is depressed, for example, affects the 
dispensing operations. Also, traces of HCl are observed in the channels. The HCl traces cause the 
liquid metal to dome on the channel top ceiling rather than fill the gap and overlap with the copper 
transmission line. Figure G-3 shows some examples of the experienced flow behaviour. 
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Figure G-3: Images under microscope showing experienced fluid dynamics using HCl wetted 
microtip. 
 
The following results, Figure G-4, show measured insertion loss in comparison with simulation of 
some of the tested samples. It is obvious form these figures that the uncertainties of the several 
discussed factors cause the two results to deviate greatly. These results indicate how important is 
the effect of the microfluid dynamics on the RF performance of the liquid metal under test.  
Liquid Metal HCl Traces Liquid MetalHCl TracesLiquid Metal
Liquid Metal Inlet Residues Liquid Metal Doming Liquid Metal Beading
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Figure G-4: Comparison of simulation and measurement results of liquid metal within PDMS 
microfluidic block of serval measured samples.
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Appendix GH 
H Simulation Software Details and Parameter 
Settings  
CST Studio Suite® has multiple electromagnetic (EM) simulation solvers. Each solver use 
different electromagnetic computational method such as the finite element method (FEM), the 
finite integration technique (FIT) and the transmission line matrix method (TLM). These solvers 
are the most commonly used methods to solve high frequency simulation tasks [250]. Both finite 
integration technique and transmission line matrix implementations included in a single package 
called Time Domain Solver. The Time Domain Solver, therefore, is a powerful multi-purpose 3D 
full-wave solver.  
Table H-1 lists the parameter settings of the Time Domain Solver that are used to generate 
simulation results presented in this thesis. These optimised values are obtained based on the 
software developer technical documents and comparsion studies [250, 368-371]. The effect of 
frequency range and number of pulses on the resonant frequency, realised gain, radiation 
efficency and total efficienct is tabulated in Table H-2 for a planar meander antenna studied at 
early stages of this research. The last row of the table represents simulation results obtained from 
the Frequency Domain Solver for comparison purposes. Similarly, the effect of solver used, order 
of accuracy for the frequency domain solver and mesh operation type on a planar monopole 
antenna is summarised in Table H-3. 
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Table H-1: Optimised parameter settings of Time Domain Solver used in this thesis.  
Parameter Resonant Frequency 
Mesh Type Hexahedral 
Accuracy (dB) -60 
Maximum Solver Duration (Number of Pulses) 100 
Maximum Cell per Wavelength Near to Model 22 
Maximum Cell per Wavelength Far from Model 22 
Maximum Cell per Maximum Model Box Edge Near to Model 22 
Maximum Cell per Maximum Model Box Edge Far from Model 22 
Minimum Cell Based on Fraction of Maximum Cell Near to Model 20 
Volume Refinement: Number of Additional Fine Cells Around Model Box 3 
Volume Refinement: Smooth Cell with Equilibrate ratio 1.5 
Edge Refinement: Fraction of Maximum Cell Near to Model  8 
Edge Refinement: Additional Cells Around Edge 3 
Local Mesh Properties applied for substrate components: Refine Interior 
and Around Boundaries with a Step Width using an Absolute Value of 
(x,y,z) 
(0,0,3) 
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Table H-2: Comparison study performed on meander antenna using Time Domain Solver with -60 
dB accuracy setting.  
𝜀𝑟 
𝑓r,CAL 
(GHz) 
Frequency 
Range 
Settings 
(GHz) 
Number 
of 
Pulses 
𝑓r,SIM 
(GHz) 
|S11| 
(dB) 
G
rlz
 
(dB) 
𝜂rad 
(%) 
𝜂tot 
(%) 
4 4.23 
3 - 5 
20 4.19 
-
16.29 
-1.01 17.46 17.04 
100 4.19 
-
16.29 
-1.01 17.46 17.04 
1 - 8 
20 4.03 
-
21.93 
-2.65 11.92 11.85 
100 4.03 
-
12.02 
-1.27 17.28 16.19 
10.8 2.57 
1 – 3 
20 2.7 -3.22 -8.91 7.85 4.11 
100 2.7 -3.45 -8.36 8.32 4.57 
1 – 8 
20 2.6 -1.82 -14.49 4.65 1.52 
100 2.6 -3.18 -9.15 7.14 3.71 
10.8 2.57 1 – 3 NA 2.45 -2.24 -12.43 4.73 1.9 
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Table H-3: Comparison study performed on planar monopole antenna using Time Domain and 
Frequency Domain Solvers. 
Solver/Measu
rement 
Accuracy 
(dB) 
Mesh 
operation 
Number 
of 
Pulses 
𝑓𝑟 
(GHz) 
|𝑆11| 
(dB) 
Mesh 
Size 
(cell) 
Total 
Simulation 
Time 
(hh:mm:ss) 
Time 
Domain 
-60 
default 100 3.6290 -30.44 139680 00:01:07 
adaptive 100 3.6500 -28.64 1284096 00:11:34 
group 100 3.6440 -29.80 3463320 00:35:30 
group & 
adaptive 
100 3.6440 -29.80 3463320 00:35:14 
Frequency 
Solver 
2
nd
 order default NA 3.5480 -33.22 70866 00:10:57 
2
nd
 order 
cells per 
waveleng
th and 
min cells 
NA 3.6170 -16.22 372040 00:41:55 
Measurement NA NA NA 3.6651 -48.87 NA NA 
 
